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Abstract 
Roadway improvements are often made based on safety or operations. While each 
factor is important, consideration of one factor may impact another negatively. The tradeoffs 
between factors are often not well understood. The failure or inability to consider these 
impacts is of particular concern, as a general improvement in one area (ex. operations), may 
have adverse results on another. 
This dissertation presents a methodology to link safety and operations in order to 
determine the tradeoffs of improvements. A zero-inflated Poisson model was selected to 
model safety and was specified within a hierarchical Bayesian framework. Bayesian p-
values were utilized to establish model confidence and found that the model which was 
developed appeared to fit the data reasonably well. 
Model results indicated that the approach speed limit, opposing approach speed limit, 
right turn lane length, maximum green time for the through movement, median width, land 
use and left turn movement all had an effect on the number of crashes per site per approach at 
different levels of severity. Protected/permitted phasing and through movement had an effect 
on crashes at all types of severities. Protected/permitted phasing had an effect on the overall 
number of crashes per site by approach when not considering severity. 
Twenty three case studies were simulated to determine how safety or operational 
countermeasures impacted their counterpart. Impacts were assessed at the approach level 
and for the intersection as a whole. Benefit-Cost analysis was performed to further quantify 
the financial impacts of selected countermeasures. 
xiv 
Based on the simulations, the impact of safety changes on operations could be 
considered to be more negative than positive. Benefit-Cost analysis found that, for safety 
improvements, only four of the ten study sites produced a B/C ratio greater than 1.0. The 
impacts on safety of operational countermeasures were generally found to be positive. 
Eleven of the thirteen operational study sites produced a B/C ratio greater than 1.0. 
1 
Chapter 1: Introduction 
Introduction 
Roadway improvements are often made based on safety or operations. While each 
factor is important, consideration of one factor may impact another negatively. For instance 
a safety treatment, such as provision of protected left turn phasing, may improve safety but 
adversely impact operations. Additionally the tradeoffs between factors are often not well 
understood. The failure or inability to consider these impacts is of particular concern, as a 
general improvement in one area (ex. operations), may have adverse results on another. In 
particular, safety and operations often negatively impact each other but the tradeoffs are not 
well documented. 
To illustrate this point, consider the traffic engineer who is faced with the decision of 
making a treatment that will either enhance operations or safety. In a perfect world, this 
engineer would expressly know how each treatment would impact the other and make their 
improvement decision accordingly. Indeed, certain operational improvements may positively 
impact safety; thus each aspect would benefit. However, little is known about the trade-offs 
between safety and operational treatments (1). As a result, the engineer faces the prospect 
that, regardless of their decision, the selected treatment could negatively impact its 
counterpart. 
This is not to say that safety has not been recognized in the past as playing a role in 
the Level of Service (LOS) of a facility; the 1965 Highway Capacity Manual (HCM) defined 
level of service as "a qualitative measure of the effect of a number of factors, which include 
speed and travel time, traffic interruptions, freedom to maneuver, safety, driving comfort and 
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convenience, and operating costs" (2). In more recent editions of the HCM (1997 and 2000), 
reference to safety and operating costs have been eliminated, owing to the lack of efforts to 
include specific criteria related to those terms (3). Instead, the misconception exists that 
safety is considered when computing LOS, where a better level of service translates into a 
safer facility (4). This view is partly justified, as some operational improvements provide an 
opportunity to reduce accident rates and address accident patterns (J). However, without 
assessing how treatments impact one another, some misconceptions (such as signals being a 
good safety treatment) will continue to exist. 
Given the absence of extensive knowledge concerning the tradeoffs between safety 
and operations, some means by which to make such an assessment are necessary. Such an 
assessment method should be accessible and readily applicable for practitioners to determine 
the impacts of an improvement on the various aspects of the roadway environment. While 
past research has made efforts to provide such methods, these have often been focused on 
integrating safety into the HCM's LOS* framework. Additionally, these methods have not 
taken into consideration how a safety or operational change would impact its counterpart; 
rather, the research conducted has only examined static conditions. As such, research is 
necessary to assess the trade-offs between safety and operational decisions. 
One of the best locations to assess trade-offs is at signalized intersections. Such 
locations are operationally complex, requiring a number of different movements to be 
handled as efficiently as possible. At the same time, vehicles must be allowed to safely 
LOS is a letter designation that describes a range of operating conditions on a particular type of facility (<5). 
The Highway Capacity Manual defines six levels of service, which are assigned letters A through F. LOS A 
represents the best level of service, typically experienced in free flow or low delay conditions. LOS F 
represents the worst possible operating conditions, signifying a breakdown of flow on the facility. For 
signalized intersections, seconds of delay is the measure used to determine LOS. 
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traverse the intersection, a difficult task given the complexity of movements occurring in a 
confined location. In order to understand why the safety and operations at signalized 
intersections are important, as well as why they have been selected as the focus of this 
research, some background statistics are in order. 
Background 
Intersection Safety 
By their very nature, intersections are locations where safety problems may be 
magnified, given the myriad of conflicting merging, diverging and crossing vehicle 
movements. These conflicts are illustrated in Figure 1.1. 
Figure 1.1: Intersection Conflicts (image source: FEW A (7)) 
According to the National Highway Traffic Safety Administration's (NHTSA) "Traffic 
Safety Facts 2004" report, of approximately 6,181,000 police reported crashes at 
S Diverging 
Q Merging 
O Crossing 
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intersections, 1,240,276 (20%) occurred at or were related to signalized intersections. The 
breakdown of those crashes by their severity was: 
Table 1.1: 2004 Intersection and Intersection-related crashes, United States (8) 
Severity 
Signalized 
Intersection 
Crashes 
Total 
Crashes 
%of 
Crashes 
Severity 
Fatal 2,276 38,253 5.9 
Injury 425,000 1,862,000 22.8 
PDO 813,000 4,281,000 18.9 
Unfortunately, the data were not broken down by intersection approach speed limit, so no 
determination of the number of crashes occurring nationally at high speed signalized 
intersections can be readily made. 
For the year 2004 in Iowa, 9,872, or approximately 16.6% of the state's 59,163 
crashes occurred at signalized intersections. A breakdown of these crashes by severity is 
provided in Table 1.2 (these figures do not include intersection-related crashes). Of these 
9,872 crashes, at least 1,487 occurred at sites which could be classified as high speed 
signalized intersections. High speed signalized intersections, for the purposes of this 
research are those where the speed limit on at least one approach was 45 miles per hour or 
greater. The totals of these crashes by severity are presented in Table 1.3. Note that the 
tabulations in Table 1.3 only include crashes which occurred on high speed approaches. Low 
speed approaches were not readily identifiable in the crash database, resulting in this 
exclusion. 
5 
Table 1.2: 2004 Signalized Intersection crashes 
Severity Crashes 
% of Total 
Crashes 
Fatal 12 0.02 
Major 201 0.30 
Minor 875 1.50 
Possible 2,139 3.70 
Property Damage 
Only (PDO) 6,645 11.3 
Table 1.3: 2004 High Speed Signalized Intersection crashes 
Severity Crashes 
% of Signal 
Crashes 
Fatal 6 0.06 
Major 48 0.49 
Minor 175 1.77 
Possible 344 3.48 
PDO 914 9.26 
As all of these figures indicate, a serious safety problem exists at signalized 
intersections, both in terms of the impact on human lives, as well as damage to property. The 
financial cost of these crashes reaches into the billions of dollars. Given the magnitude of the 
crash problem at intersections, a high priority has been placed on addressing these crashes by 
organizations such as the American Association of State Highway Transportation Officials 
(AASHTO), the Institute of Transportation Engineers (ITE) and the Federal Highway 
Administration (FHWA) (9, 10, 11). As the numbers for Iowa suggest, high speed signalized 
intersections do not comprise a large portion of overall signalized intersection crashes. 
However, the potential for greater property damage, not to mention life threatening injury 
increases greatly given the higher speeds at which crashes may occur. 
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Intersection Operations 
Just as in the case of safety, intersections are locations where operational breakdowns 
can occur, both stemming from excessive vehicular volumes as well as complex movements. 
As the signal phasings required to serve these volumes and movements increase in 
complexity, so too does the amount of time motorists must wait at a signal. When this time 
increases, a motorist becomes more likely to violate red lights or use neighborhood streets as 
shortcuts. 
According to the Texas Transportation Institute's (TTI) "2005 Urban Mobility 
Report", congestion caused 3.7 billion hours of travel delay in the United States in 2003 (12). 
The result of this congestion was the use of 2.3 billion extra gallons of fuel and an economic 
cost of $63 billion dollars. The same report cites that operational improvements, such as 
signal coordination, could potentially reduce this delay by 336 million hours (12). While the 
report does not break down the hours of delay experienced at signalized intersections, this 
value can be reasonably assumed to reach into the hundreds of millions range, with a dollar 
value reaching into the billions. 
Research Objectives and Scope of Work 
Given the desire to improve both the safety and operations of signalized intersections, 
some means to determine the impacts which potential improvements have on one another is 
necessary. The research conducted here establishes a means by which each can be examined 
separately while establishing the impact on its counterpart. In doing so, the established and 
accepted procedures of the HCM can be utilized fully, as can safety benchmarks, specifically 
crash rates. 
7 
There are two primary objectives of this research. First is the development of a 
methodology to assess tradeoffs between safety and operational decisions, which will be 
facilitated by the accident prediction model. This will facilitate the ability to provide some 
preliminary guidance as to the impacts which certain operational or safety related geometric 
changes may have on their counterpart. The second objective is the direct result of the first 
objective: the development of a high speed (45+ miles per hour on at least one leg) signalized 
intersection crash prediction model. 
Expected Benefits 
At its core, the research is intended to give practitioners a means to assess what the 
impacts of operational or safety changes will be on the other. With this in mind, a number of 
benefits are expected to result, including: 
• Development of a model within a hierarchical Bayesian framework for predicting 
crashes at high speed signalized intersections, which has not previously been 
developed. Doing so will eliminates the need for Accident Modification Factors^; 
• Development of a method to assess tradeoffs in safety and operational impacts among 
geometric and operational alternatives; 
• Limited quantification of the impacts which intersection safety and operational 
changes have on one another when used in addressing congestion and safety 
deficiencies. 
+ AMF s are used in an accident prediction algorithm to represent the effects on safety of specific geometric 
design and traffic control features. The AMF for the nominal or base value of each geometric design traffic 
control  feature  has  a  value of  1 .0  (13) .  
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In short, these results are anticipated to allow engineers to more easily understand the 
consequences of design decisions from both an operational and safety perspective. Such an 
understanding will facilitate more efficient decision-making while avoiding designs which 
could have negative, rather than positive impacts. 
Dissertation Organization 
This dissertation consists of three parts. Part one details the methodology to be 
employed in assessing the tradeoffs between safety and operational improvements. Part two 
details the development of the safety prediction models to be used in assessing the impact of 
improvements on safety performance. The third part applies the methodology to analyze the 
trade-offs between safety and operations. The organization of the dissertation is as follows: 
• Chapter 2: Literature review - Review of research related to the interaction 
between safety and operations, signalized intersection crash prediction 
models, and high speed signalized intersections; 
• Chapter 3 : Methodology - Description of the data utilized in the research, the 
operational and safety performance analysis techniques employed, and the 
methodological procedure to be employed in assessing the trade-offs between 
safety and operations; 
• Chapter 4: Model Development - Brief background of Bayesian statistics and 
the development of the safety model; 
• Chapter 5: Analysis and Results - Application of the methodology and the 
developed model in the analysis of 23 sites with poor safety or operational 
performance; 
• Chapter 6: Conclusions and recommendations - Discussion of the benefits and 
limitations of, as well as recommendations based on the results of the 
research. 
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Chapter 2: Literature Review 
Introduction 
Much research has been conducted with respect to both safety and operations. Of 
interest to the research at hand is the work conducted on safety and operational integration 
(where the research examined the inclusion of safety in the HCM procedures), intersection 
crash prediction modeling, high-speed signalized intersections, and Bayesian applications to 
highway safety. The following is an overview of such research efforts. 
Safety and Operational Interactions 
Past Research 
Limited research into the interaction between safety and operations has been 
performed over the years. Much of this research has focused on incorporating safety into the 
LOS concept. The research completed has gradually advanced in sophistication and depth. 
The following sections are an overview of the historical research efforts made with respect to 
this area. 
The earliest research to account for safety in LOS was made by Yu in 1972. This 
research sought to develop a three dimensional relationship between crashes, speeds and 
volumes through a three-step methodology. First, three relationships were established, one 
between traffic volumes and accident rates, one between speeds and accident rates, and one 
between persons injured per 100 accidents per million vehicle miles and traffic volume. 
Once developed, the LOS's associated with the range of person injury rates were established 
using engineering judgment. Following the development of the person injury rate-based 
safety LOS, a general relationship between the safety LOS, travel speed, and 
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volume/capacity (v/c) ratio was established (14). This was accomplished by determining the 
ranges in speeds and v/c ratios that were related to the level of service considering highway 
safety. Safety-based Levels of Service were established as: 
Figure 2.1: Level of service related to travel speed and v/c ratio (Image source: Yu) 
Following Yu's research, Diewald developed a LOS-traffic safety relationship based 
on the probability of collision between pairs of following vehicles, where consideration was 
given to following distances, speeds and reaction times. The methodology employed 
required the computation of spacing between vehicles for various levels of probability of 
collision (0.01, 0.05, 0.10 and 0.20) established in previous research by Harris at the Road 
Research Laboratory. These spacings were necessary to determine vehicle speeds. Given 
this, speed versus volume/capacity ratios for the four levels of collision probability being 
examined were plotted. These speed versus volume/capacity ratio plots were then 
superimposed onto a speed versus volume/capacity ratio plot from the HCM. Based on this 
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overlay, the combined plots produced the relationships between LOS and the probability of 
collision as shown in Figure 2.2. 
Research by Ha and Berg developed a safety-based LOS for isolated signalized 
intersections. This work utilized conflict opportunity models originally developed by 
Council et.al. (1988), which were modified and enhanced to account for the full range of 
geometric, traffic flow and signal timing variables which are HCM inputs (16). The models 
focused on conflict opportunities that were the result of intersection geometry or signal 
timing, specifically left turn and rear end conflict frequencies (1 7). Based on the distribution 
of these conflict opportunities calculated for left turn and rear end collisions, 
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Figure 2.2: Overlay of HCM and Diewald's speed versus volume/capacity plots, where Q = 
probability of collision (Image source: Diewald (15)) 
a safety based LOS was developed. This was accomplished by computing the total hazard 
for an intersection, based on the computed number of accidents for a specific intersection and 
the cost per accident. The safety-based Levels of Service were based on a scale of 0 to 1, and 
established as: 
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Level of service Total Hazard Rate 
A 
B 
C 
D 
E 
F 
0.11-0.30 
0.31-0.50 
0.51-0.70 
0.71-0.90 
>0.91 
<0.10 
Following the work of Ha and Berg, Lee and Berg pursued the development of a 
safety-based LOS for two-way stop-controlled intersections. Simulation models were used to 
estimate the frequency of potential conflicts or collisions resulting from sight distance 
limitations for vehicles on minor roadways crossing a major roadway. The results of the 
simulations showed that the total number of conflicts (potential conflicts and potential 
collisions) per year per crossing vehicle decreased as available sight distance increased. The 
authors surmised that this was due to drivers having longer sight distances available, leading 
to safer maneuvering. 
Regression analysis was used to evaluate the relationship between total conflicts and 
the various input variables (18). Next, crash severity was accounted for by estimating the 
potential kinetic energy per year per vehicle-conflict. The output of the kinematic energy 
calculations were subsequently used to produce a linear regression equation for the total 
hazard per vehicle per year. As a result of the simulation models, the calculated total number 
of conflicts per year per 1,000 crossing vehicles, and the total hazard per year per crossing 
vehicle, six different safety-based levels of service were developed. These values are 
presented in Table 2.1. 
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"able 2.1: Lee and Berg's safety-based levels o: ~service 
Total Number of Conflicts 
per Crossing Vehicle 
Total Hazard per 
Crossing Vehicle 
(kg * m2/sec2)/104 Level of service 
>0.05 <1.46 A 
0.05-0.10 1.46-2.93 B 
0.10-0.15 2.93-4.39 C 
0.15-0.20 4.39-5.85 D 
0.20-0.25 5.85-7.32 E 
0.25> 7.32> F 
Garber and Ponder examined the 1994 Highway Capacity Manual to determine the 
feasibility of incorporating safety as a measure of effectiveness for unsignalized intersection 
performance. This involved the development of two models, one for two-way stop 
controlled intersections and one for all-way stop controlled intersections, based on 
operational and geometric variables. These models developed a relationship between the 
measured average total delay and operational/geometric variables to produce an equation that 
forecasted accident rates for two-way or all-way stop controlled intersections. 
Stepwise multiple regression procedures were used to develop each prediction model, 
with each model calibrated separately (19). Two-way stop controlled intersection models 
with an R2 value of 0.95 were retained in the research, while model for all-way stop 
controlled intersections was discarded due to an unacceptable R2 value of 0.767. Based on 
the operational performance at the study two-way stop controlled intersections, as well as the 
corresponding regression model for predicting accident rates, the researchers produced the 
safety-based Level of Service recommendations presented in Tables 2.2 and 2.3. 
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Table 2.2: Level of service recommendations for Non-Multilane Two-Way Stop Controlled 
ntersections on Major Roadways based on forecasted accident rate (18) 
LOS 
Critical Accident 
Rate (per MEV) Percent 
Trucks 
Percent 
Buses 
Avg Total Delay 
(sec/veh) 
Number 
of lanes 
Avg Lane 
Width (ft) 
Avg Sight 
Distance 
(ft) 
A 1.85 2% 1% 5 4 12 700 
B 1.85 2% 1% 10 4 12 775 
C 1.85 2% 1% 20 4 12 925 
D 1.85 2% 1% 30 4 12 1075 
E 1.85 2% 1% 45 4 12 1300 
*no exclusive left turn on minor, level grade 
Table 2.3: Level of service recommendations for Multilane Two-Way Stop Controlled 
ntersections on Major Roadways based on forecasted accident rate (18) 
LOS 
Critical Accident 
Rate (per MEV) Percent 
Trucks 
Percent 
Buses 
Avg Total Delay 
(sec/veh) 
Number 
of lanes 
Avg Lane 
Width (ft) 
Avg Sight 
Distance 
(ft) 
A 2.5 2% 1% 5 6 12 550 
B 2.5 2% 1% 10 8 12 700 
C 2.5 2% 1% 20 8 11 825 
D 2.5 2% 1% 30 6 11 900 
E 2.5 2% 1% 45 8 12 1225 
* exclusive left turn on minor, level grade 
Research by Kononov and Allery developed a Level of Service of Safety (LOSS) 
which reflected the performance of a roadway segment (excluding interchanges and 
intersections) with respect to its expected accident frequency and severity at a specific level 
of AADT. A dataset consisting of 14 years of crash and AADT data was used to develop 
safety performance functions (SPF) for each class of roadway. Two categories of SPF's 
were calibrated for the research so that the magnitude of the safety problem could be 
described from a severity and frequency standpoint (20). Using the developed SPF models, 
the researchers established four Level of Service of Safety categories by overlaying the 
regression line representing the SPF's over a plot of accidents per mile per year to AADT, 
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and then adding corresponding boundary lines ±1.5 standard deviations from the mean 
(considered to be a regression line). The resulting four LOSS levels were: 
• LOSS-I: low potential for accident reduction, 
• LOSS-II: better than expected safety performance, 
• LOSS-III: less than expected safety performance, 
• LOSS-IV: high potential for accident reduction (20). 
Research by Zhang and Prevedouros developed a methodology that quantified the 
potential conflicts between left turning vehicles and opposing through vehicles, as well as 
pedestrians at signalized intersections. This involved the utilization of potential conflicts 
(vehicle-vehicle and vehicle-pedestrian) instead of crash rates as a measure for assessing the 
quality of service. Potential vehicle-vehicle conflicts were those likely to occur when 
opposing gaps available for left-turning traffic during the green phase were only five to nine 
seconds in length (21). Potential vehicle-pedestrian conflicts were those likely to occur 
between left-turning vehicles and pedestrians in the crosswalk. Perception of inconvenience 
(delay) and risk (conflicts) were combined through the development of a delay and safety 
index (DS), which determined the level of service of each lane group and approach for an 
intersection. The delay and safety index value produced is a representation of the overall 
time in seconds which a vehicle was delayed at an intersection given signalization schemes, 
traffic and pedestrian volumes. This output is comparable to the traditional output of the 
HCM, only safety has been factored in to the computed time. 
Harwood noted that the role of traffic operations in safety has never been quantified; 
instead, operations and safety are thought of as separate issues. However, many safety and 
operational improvement projects have a direct impact on their safety. To illustrate this 
point, Harwood employed examples of operational improvements on two-lane rural 
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highways and urban arterials which improved highway safety. These included passing lanes 
(rural) and two way left turn lanes (urban). In the case of passing lanes, increased passing 
opportunities decreased delay while also reducing accident rates through the elimination of 
conflicting traffic. Two way left turn lanes reduce delay by eliminating left turning vehicles 
from the traffic stream while reducing left turn and rear end accidents. The point illustrated 
is that operational and safety problems are interrelated, and solutions to one aspect can lead 
to benefits for the other. Harwood concluded that further research is necessary to establish 
relationships between traffic congestion and safety to serve as a basis for using operational 
improvements as a mean of reducing accidents (5). 
Persaud and Look conducted exploratory research on the interaction between safety 
and level of service for rural, four-legged signalized intersections. This work involved the 
development of prediction models that were refined to accommodate a level of service 
indicator (4). One model was developed to estimate the overall annual change in safety for 
measures taken to improve LOS. A second common peak period model was developed for 
peak hour "rush" periods to enhance statistical reliability after exploratory analysis revealed 
there was little difference between the morning and afternoon peak periods. Results 
indicated that for given flow ranges, the separation between the LOS categories was evident. 
This suggests the importance of considering the impacts on safety that design and operation 
strategies have on LOS (4). Furthermore, models which included both traffic flow and LOS 
produced different predictions from those which used traffic flow alone. 
While the researchers' work did touch upon assessing the tradeoffs between safety 
and operations, their work was only exploratory in nature and focused upon the impacts 
which strategies made to enhance LOS had on safety. To this end, no work was done to 
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analyze the impact of specific measures, and only limited variables were used in model 
development (percent no passing lanes, lane width, shoulder width, percent flow in heavy 
direction, percent trucks, and hourly volume). 
Persaud and Nguyen proposed a framework for considering safety in highway 
capacity analysis for freeways and signalized intersections. The work pertaining to 
signalized intersections is of interest in this literature review. The majority of intersections 
the researchers examined had speed limits of approximately 50 miles per hour. A number of 
models were developed, with the best incorporating an explicit LOS indicator (delay or LOS 
as a categorical variable). The researchers concluded that for intersections, it was possible to 
develop sensible models that used LOS indications for accident prediction (22). However, 
they note that their dataset was relatively small (107 sites) and the models developed were 
only aggregate; models for different accident severities were not pursued. The researchers 
note that the models that were developed would be useful in estimating the safety 
implications of strategies which affect LOS, however, no such work was performed as part of 
the research. As such, the need to conduct such work still remains. 
Present Research 
In addition to the past work related to safety and operational relationships, several 
research efforts of relevance to the work presented here are ongoing. These include the 
development of the Highway Safety Manual, the Interactive Highway Safety Design Model, 
and SafetyAnalyst. 
Highway Safety Manual 
The Highway Safety Manual (HSM) is a research initiative to develop a manual that 
will address highway safety in a manner similar to treatment of highway capacity within the 
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Highway Capacity Manual (HCM) (23). The HSM is intended to allow practitioners to make 
decisions regarding roadway design and operations based upon explicit consideration of their 
safety consequences. Much like the HCM, the HSM is intended to be an evolving document; 
it will include the most up-to-date information on safety stemming from current research. 
Work on the HSM is ongoing, consisting of the following projects: 
• NCHRP Project 17-26: Methodology to Predict the Safety Performance of Urban and 
Suburban Arterials - Development of a methodology to predict the safety 
performance of the various elements (e.g., lane width, shoulder width, use of curbs) 
considered in planning, design, and operation of non-limited-access urban and 
suburban arterials. (24) 
• NCHRP Project 17-27: Parts I and II of the Highway Safety Manual - Preparation of 
the introduction, fundamentals and knowledge sections of the HSM that introduce the 
manual provide an overview of its functions and applications, present highway safety 
fundamentals and a summary of information on safety effects of various aspects of 
roadway design and operation. (25) 
• NCHRP Project 17-29: Methodology to Predict the Safety Performance of Rural 
Multilane Highways - Development of a methodology to predict the safety 
performance of rural multilane highways. (26) 
• NCHRP Project 17-34: Prepare Parts IV and V of the Highway Safety Manual -
Discussion of roadway safety management (improvement of roadway systems) and 
safety evaluations, providing tools to help practitioners make planning, design, and 
operations decisions based on safety. (27). 
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The primary reason for the development of the HSM is the need for improving the 
explicit role of highway safety in making decisions on roadway planning, design, 
maintenance, construction and operations (23). Practitioners at the state and local level often 
do not have a complete set of tools to examine and account for safety in the course of 
decision-making. The result is that safety considerations often take a backseat to other 
considerations, particularly cost, operational impacts, and environmental impacts, when 
making decisions. The result is the need for a guide which can quantify and predict the 
safety performance of roadway elements to allow their consideration during planning, design, 
maintenance, construction and operational activities. 
At present, work has not begun on Chapter 4, Intersections, which will provide an 
overview of relevant safety research pertaining to intersections. Subsequently, Chapter 9, 
Rural Multi-Lane Highways and Chapter 10, Urban and Suburban Arterial Highways will 
address the predictive aspects of crashes at intersections (both signalized and unsignalized). 
While not explicitly stated in NCHRP Web Document 62, Development of a Highway Safety 
Manual, it is conceivable that the prediction models developed will take some operational 
aspects into account (289). These could possibly include channelization, pedestrian controls, 
markings, delineation and signal operations. 
Interactive Highway Safety Design Module 
The Federal Highway Administration (FHWA) has been developing the Interactive 
Highway Safety Design Model (IHSDM), a decision-support tool which checks existing or 
proposed two-lane rural highway designs against relevant design policy values to provide 
estimates of a design's expected safety and operational performance (29). A preliminary 
version of the IHSDM which focused on two-lane rural highways was released for testing 
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and evaluation in 2003. The outputs of the IHSDM are intended to assist state and local 
agencies and engineering consulting firms, including project managers, designers, and traffic 
and safety reviewers, with regard to safety in the highway design process. 
The need for the IHSDM stems from maintaining compliance with design policies 
and acceptable safety levels. In developing current projects, a balance between context-
sensitive designs and safety is required. In light of this, making, justifying, and defending 
geometric design decisions requires detailed, quantitative estimates of the expected safety 
performance of design alternatives (29). However, the pertinent information stemming from 
research about the safety and operational effects of highway geometric design required to 
make such decisions is scattered throughout literature. The IHSDM brings the knowledge of 
safety and operational effects of geometric design into a more useful and usable form for 
highway officials, allowing more explicit and quantitative consideration of the safety and 
operational implications of geometric design decisions (29). What makes the IHDSM useful 
to transportation professionals is that it synthesizes available research in one location, 
allowing it to be applied in a project-specific manner in a computer environment, allowing 
digital data (highway geometries, etc.) to be used as inputs to the process. 
The IHSDM consists of five evaluation modules (Crash Prediction, Design 
Consistency, Intersection Review, Policy Review, and Traffic Analysis), with a sixth module 
(Driver/Vehicle) under development (29). The Model can check designs against relevant 
design policy values, estimate the crash frequency expected for a specified geometric design, 
and estimate other safety and operational performance measures (e.g., 85th percentile speed 
and percent time spent following) that help diagnose factors that contribute to expected 
safety performance (29). Of particular interest with respect to this research is the Intersection 
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review module, whose policy review component can check intersection design elements 
(corner radius, turn lane design, intersection angle, intersection sight triangles) for design 
policy compliance. The diagnostic review component of the intersection module is an expert 
system that systematically evaluates an existing or proposed intersection geometric design to 
identify potential safety concerns and suggest possible treatments to address those concerns 
(29). 
SafetyAnalyst 
An additional effort being undertaken by the FEW A and thirteen state highway 
agencies, including the Iowa DOT, is the development of SafetyAnalyst. This software will 
address site-specific safety improvements that involve physical modifications to the roadway. 
SafetyAnalyst will have the capability to identify accident patterns at specific locations and 
determine whether those accident types are overrepresented (30). The software will also 
determine the frequency and percentages of particular accident types systemwide or for 
specified portions of the system (particular highway segment or intersection types) (30). 
Once completed, the software will consist of four modules, including Network 
Screening, Diagnosis and Countermeasure Selection, Economic Appraisal and Priority 
Ranking, and the Evaluation of Implemented Improvements. Of interest to this research is 
the Countermeasure Selection Tool, which is a part of the Diagnosis and Countermeasure 
Selection module. This tool will be designed to assist the user in selecting countermeasures 
incorporated into the software to reduce accident frequency and severity at specific locations. 
The tool will suggest particular countermeasures based on the type of site, the observed 
accident patterns, and the specific safety concerns identified in the diagnostic step of the 
module (30). The final choice of countermeasure will still need to be made by the user(s); 
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however, where multiple countermeasures are recommended, guidance will be provided by 
the software with regard to selection through the Economic Appraisal and Priority Ranking 
module. The final version of the SafetyAnalyst software is planned to be released in 2006. 
Signalized Intersection Models 
Hauer, Ng and Lovell developed models based on data from 145 intersections in 
Toronto to estimate the safety of a signalized intersection based on information about its 
traffic flow and accident history. Traffic flow data consisted of morning peak (7:00-9:00 
am), evening peak (4:00-6:00 pm) and off peak (9:00-10:00 am and 3:00-4:00 pm). Accident 
data were divided into vehicle-pedestrian, single vehicle, two vehicle and multivehicle, 
although only accidents involving two vehicles were examined. Empirical Bayesian models 
were then developed for 15 accident patterns identified by the researchers. Several 
conclusions were drawn from this work. First, robust models require that the accident rate 
should incorporate traffic volume from respective left, through and right traffic movements 
(31). Second, it is necessary to categorize collisions by the movement of vehicles before the 
collision and not by the initial impact type (31). Finally, the relationship between collision 
frequency and the related traffic flows is at times unexpected in form (31). For example, the 
frequency of crashes between vehicles traveling at right angles did not depend on the larger 
of the two traffic flows but increased with the smaller flow. 
Lau and May (1988) derived macroscopic models for injury accidents per year at 
signalized intersections. The models used macroscopic traffic flow variables rather than 
detailed information such as turning counts or headway distributions. The models were 
based on intersection characteristics, including geometric design elements, traffic control 
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measures, traffic demand patterns, environmental factors and accident history. Geometric 
inputs to the model included intersection type, signal type, number of lanes on main and 
secondary roads, and left turn arrangements. A grouping and classifying technique called 
Classification and Regression Trees (CART) was used as a building block for the models 
(32). Three models were developed: one based on traffic intensity, one based on intersection 
characteristics, and one based on information including individual accident history, with the 
results of model development deemed to be reasonable. The researchers note the developed 
models failed to include factors which play a role in the prediction process (phasing, conflict 
points, etc). 
Persaud and Nguyen (1998) developed aggregate and disaggregate models to estimate 
the safety performance of three-legged and four-legged intersections. As part of this work, 
two levels of models were developed. In Level 1, equations were calibrated for three- and 
four-legged intersections by accident severity (injury and property damage only) for all 
impact types combined and separately for the three predominant impact types (angle, rear-
end, and turning movements) (53). The models were further disaggregated by time period 
(daily, morning and afternoon peak) and by environmental class (semiurban or rural). In 
Level 2, models were estimated for four-legged intersections for twelve predominant multi-
vehicle and three single vehicle accident patterns defined by vehicle movement prior to 
collision (33). Generalized linear modeling (GLIM) was used to calibrate the safety 
performance function equations developed to facilitate the use of the negative binomial error 
structure in estimating the nonlinear relationship between accidents and traffic flow (33). 
Turner and Nicholson developed generalized linear models for predicting individual 
accident types at low speed (30 mph) urban intersections in New Zealand. This included four 
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intersection types: priority-X, roundabout-X, signalized-X and uncontrolled/priority-T (X 
denotes a four-legged intersection). The researchers concluded that the use of such models 
for estimating different accident types based on conflicting flows was better than models 
which estimated total accidents based on approach flows (34). It was also determined 
through a comparison of predicted to observed crashes that there was poor agreement 
between the numbers for individual intersections, but network-wide estimates were generally 
in agreement. 
Lord and Persaud (2000) applied generalized estimating equations (GEE) which 
accounted for year to year variation in accident counts to model accidents at four-legged, 
signalized, urban intersections. Two GEE models were developed: one that accommodated 
annual year to year variation by estimating different models for every year and one that 
assumed identical coefficients for each year (35). These models were compared to models 
which did not incorporate year to year variation. Results showed that not accounting for 
trend did not affect coefficient estimates, but it did underestimate the variances of these 
estimates, meaning that explanatory variables might be incorrectly attributed as significant if 
trend is not considered (35). Results also showed that the GEE models incorporating time 
trend performed better than models without trend. However, the researchers state that there 
are disadvantages to the GEE procedure in the requirement that each study site have 
observations of each model variable in each study year (35). Such data, including traffic 
flows may not be available for each year, resulting in the removal of study sites and 
subsequently reducing the quality of fit of the model. 
Saccomanno, Fu and Roy used Poisson regression and empirical Bayesian (EB) 
models to establish the long term potential for accidents at a given location in the 
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development of a GIS platform for road accident analysis and prevention. Geometric inputs 
into the models included the number of lanes, shoulder width, median type and signal 
presence (36). While the development of the two models was not the focus of the research 
and not extensively discussed, the outputs of the models were still of interest. It was 
determined that the number of accidents predicted by the EB model were closer to the 
observed number of crashes for the study period (1992) than the number of accidents 
predicted by the Poisson model. The authors are careful to note that while this was the case 
for the study section, it may not necessarily be the case for different sections not examined. 
Persaud, Lord and Palmisano estimated EB models for three and four-legged urban 
signalized and unsignalized intersections. The researchers note that the difficulty in 
developing such models makes it unlikely that many jurisdictions could develop their own 
models. Therefore, the researchers set out to develop a model for Toronto intersections which 
could then be recalibrated for use in California. With regard to the accident prediction 
models, they were reasonable in that the values of 7 (the overdispersion parameter) and 
(a dispersion-parameter based R2) were relatively high compared to past research (37). The 
results of the calibration and transferability to other jurisdictions produced mixed results. 
When applied to California sites, the models predicted more accidents than the Toronto 
models when minor road AADT was low (37). The conclusion was that the model transfer 
would work best when the model form and AADT exponents for the other jurisdiction were 
similar to the jurisdiction for which the model was calibrated. 
Miaou and Lord developed both empirical and full Bayesian models to produce site 
estimates of crashes for urban, four-legged signalized intersections. The full Bayes model 
was developed because it could take into account the uncertainty associated with the 
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estimates of model parameters and provide exact measures of uncertainty (38). The 
development of each model form allowed for a comparison between the estimates generated 
by each method. Differences of less than 3% were observed between the estimates produced 
by each model form for each site examined. The full Bayes estimate served as the base for 
this comparison. This result suggests that the full Bayes method of crash estimation 
produces similar results to those of EB. 
Chin and Quddus used a random effect negative binomial model (RENB) to analyze 
traffic accident occurrence at signalized intersections. Specifically, the model was used to 
identify elements which affect intersection safety. This was accomplished determining the 
relationship between accident occurrence and the geometric, traffic and control 
characteristics of the intersections (39). Significant characteristics included total approach 
volumes, right turn volumes, the presence of an uncontrolled left turn lane, median widths 
greater than 2 meters, bus stop presence, sight distance, presence of surveillance, and the 
number of cycle phases. 
Kumara and Chin modeled accident occurrence at 104 signalized three approach 
intersections in Singapore, placing special emphasis on the excess of sites with zero 
accidents. A zero-inflated negative binomial model was used to assign the probability to the 
accident outcome to address the problem of excess zeros (40). The model indicated that 
uncontrolled left turn lanes, permissive right turn phases, presence of horizontal curvature, 
short sight distances, numerous signal phases and large total entering and left turning 
volumes might increase accident occurrence. 
Oh, Washington and Choi (2004) developed accident prediction models for rural 
highway intersections, including signalized intersections. Macrolevel crash prediction 
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models were developed based on data from 100 signalized intersections in California, 
Michigan and Georgia. Both Poisson and negative binomial models were developed to 
determine the relationships between crash occurrence, traffic and geometric features. Results 
indicate that traffic flow variables significantly affected safety performance, as did driveway 
presence, approach speeds, and lighting (41). However, the authors caution that models 
which include many variables cannot be expected to predict crashes equally well across 
states. 
Additional Intersection Models 
Lau, May and Smith examined applications of accident prediction models beyond 
traditional before and after analysis. The researchers developed a three level prediction 
procedure using Classification and Regression Trees as a framework for conducting safety 
evaluations of highway intersections (42). This included the use of models in estimating the 
safety performance of new and redesigned intersections and estimating the safety of an 
existing intersection with accident history. These applications could be used to develop an 
idea of how an intersection should be designed or redesigned to reduce the expected number 
of accidents. 
Belanger (1994) applied empirical Bayesian methods to estimate the safety of four-
legged unsignalized intersections. As part of the research, the contribution of additional 
features, including flashing beacons, sight distance, turning lane presence and speed limit, 
were examined to determine whether variables other than traffic could make a significant 
contribution to explaining accidents (43). First, multivariate regression models were 
developed to estimate the moments E(m) and VAR(m) that describe the distribution of safety 
means in an imaginary group of intersections having the same characteristics as the site being 
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analyzed (43). Once computed, these could be combined with accident history at the 
intersection being analyzed to obtain an estimate of safety, denoted as E(m \x) and its variance 
VAR(m|x). Total intersection models and pattern models for three categories of speed were 
developed: 50 km/hr, 90 km/hr and all speeds (43). The 50 km/hr and 90 km/hr models were 
more precise than the all speed model, while total intersection model was of use when only 
the total number of accidents (not a breakdown by category) and total entering vehicles per 
approach were known. 
Poch and Mannering (1996) utilized negative binomial regression to estimate the 
frequency of accidents at intersection approaches based on geometric and traffic-related 
elements. The researchers developed four accident frequency models to predict accident 
frequency for all accident types, rear end accident frequency, angle accident frequency, an 
approach-turn accident frequency. Results of the research indicated that negative binomial 
regression modeling was an effective method for identifying significant traffic and geometric 
elements which tended to increase or decrease accident frequency. The research provided 
quantification of the effects which individual elements comprising intersection approaches 
have on safety, which could ultimately be used in identifying and removing design elements 
which may increase accidents. The researchers note that future work should be performed 
using a larger sample of intersections (this study only utilized a sample of 63 sites) to further 
explore the determinants of intersection accident frequencies (44). 
Mountain, Fawaz and Jarrett developed accident prediction models for intersections 
of main roadways with minor roadways. While not explicitly stated, it was assumed that the 
intersections examined were unsignalized, based on their local distributor/access road 
classification. Generalized linear modeling was used to develop regression estimates of 
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expected accidents and an empirical Bayes procedure was then used to improve these 
estimates producing unbiased estimates of expected accidents for high risk sites (45). 
Research by Mountain, Maher and Fawaz used generalized linear modeling to 
develop regression estimates of expected intersection accidents (both total and disaggregated 
by severity) that allowed for the possibility of accident risk varying over time (46). It was 
indicated that, from the sample of 500 intersections, accident risk was declining by an annual 
average of 6%, with no significant difference in the value of trend between accident types 
(46). The researchers concluded that, because of this decline in accident risk, a trend effect 
should be included in prediction models to ensure such models do not become outdated. 
They also cautioned that the use of accident rates at intersections implies a doubling of 
accidents in response to a doubling of the total vehicle inflow (46). 
Vogt and Bared developed accident models for two lane rural roadway segments and 
intersections (three-legged and four-legged intersections with stop-control on the minor legs) 
in Minnesota. Poisson and negative binomial models were considered for development, with 
the negative binomial ultimately pursued. During the course of the research, it was 
discovered that intersection accidents depended primarily on traffic volumes. R2 values of 
0.42 for three-legged and 0.60 for four-legged intersections were produced, suggesting 
appropriate linear fits were produced by the models given the input variables (47). The 
researchers noted, however, that other pertinent variables, such as sight distances, turning 
volumes and weather conditions, were not included when developing the models, producing 
possible limitations in the models' effectiveness. 
Ben-Akiva et.al. (1999) developed a methodology for the post-implementation 
evaluation of safety countermeasures at intersections. The researchers combined regression 
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and empirical Bayesian approaches to obtain a more accurate measure of the effect of safety 
treatments. The methodology addressed the problems posed by simple before and after 
studies (random accident frequency fluctuations, changes in external factors and regression-
to-the-mean) (45). It estimated the expected number of accidents for an intersection, 
allowing for the comparison of a countermeasure' s effectiveness to be determined through 
comparison with observed crashes during the after period. When compared to traditional 
before and after comparison methodologies, the research indicated that the new methodology 
was the most thorough in isolating the treatment effects from external factors. 
Sayed and Rodriguez (2000) developed accident prediction models for estimating the 
safety of urban, unsignalized intersection as a function of traffic volume using GLIM. GLIM 
was utilized to overcome the shortcomings associated with linear regression by assuming a 
non-normal error structure (Poisson or negative binomial). The safety predictions produced 
by the models were further refined by the empirical Bayes approach to provide accurate, site-
specific safety estimates (49). Both the T-intersection and 4-leg intersection models 
developed by the researchers produced satisfactory goodness-of-fit, with the computed 
values significant at the 5 percent level and the t ratios of the independent variables 
significant as well. 
High Speed Signalized Intersection Safety Research 
Zegeer and Deen researched the effectiveness of the use of green phase extension 
systems (GES) to decrease rear-end and right-angle crashes at high-speed signalized 
intersections. To determine their effectiveness, the researchers performed a before and after 
analysis for three sites where a GES system had been added to an existing signal. Results 
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indicated that a reduction of 4.4 crashes per year occurred, with rear end crashes decreasing 
by 75% and right angle crashes decreasing by 31% (50). Traffic conflicts analysis showed 
that conflict rates dropped after the application of the GES system. No significant change in 
the number of stopped vehicles after installation was observed, although higher delays during 
the afternoon peak were observed. 
Research by Agent (1998) examined 65 rural high speed intersections in Kentucky to 
determine the traffic control measures used and the factors that contribute to crashes at such 
sites. Of the sites examined, 47 were signalized. In examining the crash patterns at the study 
intersection, angle, rear end and opposing left-turn crashes were predominant. The research 
did not involve any statistical analysis; rather, the comments made by drivers in the crash 
narrative were used in establishing improvement recommendations for each location. For 
high-speed signalized intersections, these included modification to the yellow clearance 
interval, the inclusion of an all red clearance interval, the use of backplates on signal heads, 
and the addition of left-turn phasing (for specific locations) (51). 
Gibby, Washington and Ferrara evaluated high speed isolated signalized intersection 
in California to determine what approach characteristics affect accident rates at such 
locations. The variables examined included advance warning signs with and without flashing 
beacons, signal timing and phasing, channelization, signal equipment configuration, shoulder 
widths and types, median widths and types, and approach speeds. The primary variables 
significantly correlated to low accident rates on the approaches included the presence of a 
separate left-turn phase, a raised median, wide, paved shoulders, and advanced warning signs 
with flashing beacons (52). 
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Huang and Pant developed a simulation/neural network model to evaluate dilemma 
zone problems at high speed signalized intersections. The simulation model represented 
traffic control system elements, including roadway geometries, traffic control devices, and 
vehicular movements. Artificial neural networks were also developed to estimate vehicle 
speeds in different segments of the intersection approach in response to advance warning 
signs, flashers and signal indications (53). These models were then integrated to provide 
better accuracy in the case study simulation. The case study indicated that the model outputs 
compared well to field collected data typically used in establishing the dilemma zone, 
allowing for its use in non-accident based safety evaluation procedures (53). 
Maze, Henderson and Sankar investigated the impacts of left-turn treatments at high­
speed signalized intersections in Iowa. Specifically, the research sought to quantify the 
relationship between traffic volume, intersection characteristics and the accident potential of 
alternative left-turn treatments (54). To do so, linear models for five left-turning volume-
based groups were developed. These models estimated left-turn accident rates, as well as the 
approach accident rates. However, satisfactory models could only be developed for the 500 
to 1,000 left-turning vehicles per day volume group, with reasonable models also being 
developed for the 1,500 to 2,000 left-turning vehicles per day volume group. This was 
interpreted to mean that there were relationships between left-turn accident rates, traffic 
characteristics and left-turn treatments (54). The researchers recommended that higher 
fidelity models be developed using accident and traffic volumes which cover the peak hour 
only, as well as geometric, operational and traffic volume data which were present during the 
period for which crashes are being examined. 
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Research by Pant and Cheng examined dilemma zone protection and signal 
coordination at closely spaced high-speed intersections. The work focused on reducing 
dilemma zone problems though adjustment of signal timing parameters without sacrificing 
the benefits of coordination for closely spaced intersections (1000 to 2000 feet apart) (55). 
The researchers concluded that, for the site examined, the dilemma zones for approaching 
vehicles could be eliminated with an adaptive green extension or cutback before yellow and 
that the maximum extension or cutback did not need to be longer than two seconds. They 
cautioned that modifying these for the sake of one approaching vehicle may affect the 
chances of the preceding or the following vehicles to be caught in the dilemma zone (55). 
Zimmerman and Bonneson proposed the use of the number of vehicles in the 
dilemma zone as a potential intersection safety measure at high-speed signalized 
intersections. To accomplish this, the researchers developed equations for counting the 
number of vehicles in the dilemma zone (the area on an approach within which between 10% 
and 90% of drivers stop when presented with yellow) at the end of green in the field under 
different conditions (56). The intent was to allow traffic engineers to assess if the 
intersection's dilemma zone protection system was functioning properly. A second 
recommended use of the measured vehicles would be as a potential safety surrogate in future 
research. 
Hallmark and Mueller (2004) examined the impacts of different types of left-turn 
phasing on older and younger drivers at high-speed signalized intersections (the sites used in 
the research presented herein are a subset of their original sites). Poisson regression was 
used to analyze left-turn crash rates by age group, as well as the type of phasing present. 
Results indicated that protected phasing was much safer than permitted or 
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protected/permitted phasing schemes. For drivers 65 and older, protected/permitted phasing 
had a higher crash rate than permitted phasing, while permitted phasing had the highest crash 
rate for young drivers (14 to 24) (57). 
Souleyrette and Knox (2005) examined the safety effectiveness of high-speed 
expressway signals in Iowa (including some of the sites utilized in the research presented 
herein). Three analysis methods were utilized to compare unsignalized and signalized 
intersections, including matched-pairs analysis, conventional before-and-after analysis, and 
an Empirical Bayes before-and-after analysis. The matched-pair analysis indicated that 
signalized intersections had a higher crash rate but lower costs per crash, while the before-
and-after analysis indicated lower crash rates and total crash costs after signalization. The 
Empirical Bayes adjusted before-and-after analysis reduces estimates of safety benefit (crash 
rate) to about 20 percent. The researchers concluded that the signalization of high-speed 
intersections seemed to have only marginal safety benefits (55). 
Bayesian Applications to Highway Safety 
In addition to the research examined in previous sections of this chapter (34, 36, 37, 
38, 43, 44, 48, 49, and 55), various applications of empirical and hierarchical Bayesian 
methods have been made in the area of highway safety. The following is an overview of 
these applications. 
Empirical Bayesian Approaches 
Abbess, Jarrett and Wright applied empirical Bayesian methods to accident blackspot 
studies. They developed a formula to address the effects of regression to the mean that could 
be used in conjunction with the observed accidents at treated sites. The researchers cite the 
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advantage of the EB approach is that the uncertainty about the true accident rate is 
demonstrated by the density function that is assigned to its value (59). 
Persaud and Hauer argued that simple before and after comparison were consistently 
biased in that the treatments appeared to be more effective than they really were due to the 
regression to the mean effect producing drops in accidents or rates in the after period 
regardless of treatment. To address the problems presented by such simple analysis methods, 
the researchers proposed two new methods, a nonparametric method and an empirical 
Bayesian method. The EB method was deemed desirable as it was based on stronger 
assumptions and required accident data for the entire population of systems (60). 
Hauer reviewed the estimation of the expected number of accidents with an emphasis 
placed on the regression to the mean phenomenon and the challenges it presents to this 
estimation. The goal of Hauer's work was to present methods to alleviate the problems in the 
structuring of controlled experiments in safety research, eliminate bias-by-selection from 
uncontrolled studies and enhance the accuracy of safety estimates (61). To this end, the 
reader can infer that Hauer advocated the application of EB methods as one such alternative. 
Hauer and Persaud utilized EB to estimate the safety of rail-highway grade crossings 
and the safety effects of warning devices. Based on this work, it was determined that 
information about geometries, traffic, and other data could be joined with accident data to 
produce the expected safety of the site. The authors contend that the procedure developed in 
their work was applicable not only to grade crossings, but also intersections, road segments, 
drivers and vehicles (62). 
Persaud explained how errors of analysis and interpretation might cast doubts on 
much of the empirical evidence on the safety impacts of signal installation (63). In 
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particular, he focused on the problems of regression-to-the-mean and incorrect inferences 
from cross-sectional studies. To remedy these pitfalls, Persaud suggested the use of EB 
methods in developing estimates of intersection safety which could be used to estimate the 
safety impacts of signal installation. 
Higle and Witkowski proposed the use of empirical Bayesian analysis of hazardous 
locations. The empirical Bayesian technique had the advantage of allowing assessment of 
the impact of varying degrees of confidence without requiring that the decision statistics be 
recomputed (64). The researchers concluded that EB analysis appeared to be a 
fundamentally sound procedure, particularly when compared to classical identification 
methods. 
Higle and Hecht evaluated and compared classical and empirical Bayesian techniques 
for the identification of hazardous locations in terms of their ability to identify such sites 
correctly. A simulation experiment was employed, using three years of randomly generated 
accident data that might be available to a safety analyst. The research indicated that a 
variation of the Bayesian method proposed by Higle and Witkowski (1988) performed well, 
producing low numbers of both false negative and false positive errors in identification (65). 
In an FHWA report, Pendleton (1991) applied an empirical Bayesian method to three 
typical applications of accident analysis (66). These included the evaluation of safety 
treatments, the identification of high hazard locations and the assimilation of information 
from multiple safety measure studies (meta-analysis). As part of this research, the software 
BEATS (Bayesian Estimation of Accidents in Transportation Studies) was developed to 
execute the various analyses being performed. 
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Hauer (1992) reviewed the empirical Bayes approach to the estimation of "unsafety" 
(67). He points out that the EB approach makes use of two clues of an entity: its traits 
(traffic, geometry) and its historical accident record. In his work, Hauer employed the 
multivariate regression method for estimating the mean and variance of the "unsafety" in 
reference populations. The use of the multivariate method made the EB approach applicable 
to a wider range of circumstances while yielding better estimates of safety. 
Al-Masaeid, Sinha and Kuczek (1993) developed a methodology to evaluate the 
safety impacts of highway improvements (68). The methodology was based on the expected 
number of accidents and expected accident rate, which were developed by the empirical 
Bayesian approach. The authors selected the EB approach because of its probabilistic nature 
capable of augmenting the most recent information with prior knowledge to achieve better 
estimates. 
Hauer, Terry and Griffith (1994) examined the effects of resurfacing two-lane rural 
roads on safety (69). The empirical Bayes approach to estimation was utilized to estimate the 
expected number of accidents in the before and after treatment periods. The EB approach 
was selected in order to use a long accident history to enhance estimation accuracy, to 
account for changes in traffic flow and uncontrolled factors in the before and after period, 
and to address regression to the mean issues. 
Al-Masaeid and Sinha (1994) analyzed accident reduction potentials of pavement 
markings (70). An empirical Bayesian approach was taken to estimate the expected accident 
rates in the before and after study periods in order to eliminate regression to the mean effects. 
Hauer (1996) compared traditional ranking procedures to EB (71). As part of this 
work, EB was used to identify and rank sites with promise. The conclusion drawn form this 
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work was that the EB method provided the advantage of allowing the inclusion of more data 
than just crash history into the analysis. 
In his book "Observational Before-After Studies in Road Safety", Hauer (1997) 
devotes a great deal of time to the explanation of the empirical Bayes approach. Specifically, 
the book focuses on the development of multivariate models coupled to an EB framework to 
facilitate analysis (72). 
Persaud, et.al. employed an empirical Bayesian procedure to estimate what the 
expected number of crashes would have been at intersections which had undergone traffic 
signal removal. These estimates were subsequently compared to the actual counts of crashes 
after the conversion (73). 
As part of the work performed with respect to the prediction of expected safety 
performance of rural two lane highways, Harwood, et.al. developed an EB procedure to 
provide a method for combining predictions made by the algorithm developed as part of their 
research with site-specific accident history data. The inclusion of the EB procedure was 
intended to provide a methodology for combining the accident frequencies predicted by the 
accident prediction algorithm and the accident frequency from the site-specific accident 
history (13). The combined procedure could be utilized to estimate the expected accident 
frequency for any specified geometric design alternative for a two-lane highway project and 
for any specified evaluation period (13). 
Hanley, Gibby and Ferrara analyzed accident reduction factors on California state 
highways through a before and after study using empirical Bayesian analysis. Specifically, 
the researchers were the first to employ the Bayesian statistical software package BEATS, 
developed in previous research by Pendleton (1991). The software functioned well for all 
but two of the analyses which were attempted (74). 
As part of NCHRP Synthesis 295, a synthesis of practice with regard to statistical 
methods in safety analysis, a primer on the application of basic statistical tools was provided. 
This primer included an example application of an EB methodology for before and after 
studies. The example utilized involved the estimation of crashes that would have occurred 
during the after period at five rural Maryland intersections that had been converted to 
roundabouts, had a conversion not taken place (75). 
Hauer argued that the use of a single and common overdispersion parameter, 
regardless of the roadway section length under analysis, was a drawback to the EB estimation 
of expected accident frequencies (76). The use of such a singular overdispersion parameter 
would lead to the maximum likelihood estimate of parameters to be unduly influenced by 
very short road sections and insufficiently influenced by very long sections (76). To remedy 
this, he proposed an alternative overdispersion parameter for a given road section of length L 
be changed to (|)L, where <j> is the overdispersion parameter. While he stopped short of 
implementing this alternative, Hauer hypothesized that it would have a noticeable effect on 
the EB estimation of expected accidents, dependant on the model prediction and weight. 
Haydecker and Wu employed an empirical Bayesian method to identify sites for 
accident remediation. EB was adopted to eliminate bias by selection (high accident 
frequencies being used to identify improvement locations) by estimating the size of the 
regression to the mean effect (77). The developed approach provided estimates of the likely 
mean accident frequency in the case that no treatment was employed, allowing for the 
monitoring and evaluation of the effectiveness of a treatment should one be made. 
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Saccomanno, et.al. compared the results of two model applications, multivariate 
Poisson regression and EB, for establishing the potential for accidents and designating high 
crash locations along a highway segment (78). It was concluded that the EB model yielded 
far fewer black spot locations than the Poisson regression model. The researchers argued 
that, since safety countermeasures are best applied at true black spot locations, the EB model 
could produce cost savings, as it was more effective in identifying such locations. 
Persaud, et.al., examined the safety effects of roundabout conversions in the United 
States through an EB observational before and after study. The authors note that they chose 
EB not only because of its ability to account for regression to the mean but also because it 
could account for the traffic volume changes that usually accompany the conversion of 
intersections to roundabouts (79). The use of EB was reinforced by the results of the study, 
which were consistent with those of international studies using different procedures. 
Work by Hauer, et.al. provided practitioners a tutorial for estimating safety by the use 
of EB methods so that such methods could be transitioned from theory into practice. The 
authors argued that the theory of EB methods was well developed and that they were being 
incorporated into prominent applications such as the IHSDM and the Comprehensive 
Highway Safety improvement Model (now Safety Analyst) (80). Ten numerical examples of 
various safety applications were provided to illustrate the data and calculations required for 
EB analysis. 
Harwood et.al. examined the safety effectiveness of intersection left and right-turn 
lanes using a variety observational before and after approaches. These included the yoked 
comparison or matched pairs approach, the comparison group approach and the EB approach. 
Of the three methods examined, the EB method was cited as being the most desirable as it 
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could account for regression to the mean (81). The researchers concluded that the EB 
method provided the most accurate and reliable results in terms of statistically significant 
effectiveness measures. 
Persaud, et.al., developed a procedure for estimating the expected safety effects of 
potential signal installations. The researchers used the EB method was to conduct the before 
and after analysis of converted intersections (82). Results indicated a total decrease in 
crashes would occur, resulting in a positive financial benefit in terms of the crash costs 
saved. 
Similar to the work of Hauer, et.al. (2002), Powers and Carson developed a primer for 
using empirical Bayes methods for before and after crash analysis. Their work focused on 
the application of such methods to both Interstate and non-Interstate roadway segments (83). 
Example case studies were carried out to provide example applications for the reader to 
follow. 
Bauer, et.al., examined the safety effects of narrow lanes and shoulder-use lanes to 
increase the capacity of urban freeways. An observational before and after study was 
conducted by the empirical Bayes method to determine such safety effects. The EB 
evaluation indicated that the frequency of sideswipe crashes increased from before to after 
implementation of four to five and five to six lane conversions (84). 
Cheng and Washington used experimentally derived simulated data to compare three 
hot spot identification methods: simple counting, confidence intervals, and empirical Bayes. 
The simulated data enabled a priori knowledge regarding the true (and usually unknown) 
safety of the simulated sites (55). Based on the simulation results, EB methods outperformed 
the other two strategies in the study. The researchers note that the benefits of EB are 
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contingent upon reliable and accurate safety performance functions for predicting the 
expected safety of comparison sites (55). A second conclusion drawn from this work was 
that low crash count situations lead to less pronounced benefits from the EB method. 
Montella proposed a systematic process to determine which road features should be 
investigated and how each feature should be evaluated during a safety review of rural two 
lane highways at nonintersections. As part of this work, collision frequency was determined 
by a collision prediction model which was refined by application of empirical Bayesian 
methods (56). 
Lyon, et.al., developed safety performance functions (SPFs) for 1,950 signalized 
intersections in Toronto, Canada. As part of this work, the researchers applied the developed 
SPF's through a EB methodology to evaluate the effectiveness of left-turn priority phasing 
implemented at 35 Toronto intersections. Results indicated that left-turn green arrow priority 
treatment was effective in reducing collisions, particularly those involving left-turn side 
impacts (57). 
Perez evaluated the safety impacts of highway upgrades, traffic signing upgrades, 
pavement marking repainting and pavement resurfacings in Spain through a before and after 
study, utilizing EB methods. EB was used to estimate the expected number of accidents for 
subsequent determination of the number of corrected crashes from the "before" period (55). 
Results indicated that highway upgrades had a positive and significant safety impact, while 
traffic signing upgrades, pavement marking repainting and pavement resurfacings did not 
have a significant impact on safety. 
Garber, et.al. analyzed the safety impacts of differential speed limits for tracks and 
passenger cars on rural interstates using an empirical Bayes framework. This involved using 
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EB methods to evaluate crash frequency changes without presuming a constant relationship 
between crashes and traffic volume. The researchers concluded that the EB methodology 
showed no consistent safety impacts attributable to differential or uniform speed limit 
policies for rural interstates (89). 
Hierarchical Bayesian Approaches 
Bin Ibrahim and Metcalfe used a hierarchical Bayesian framework to evaluate mini-
roundabouts as a road safety measure. The researchers noted that the Bayesian frame of 
reference was particularly suitable for evaluating safety because it was a natural way of 
combining data from different areas and time periods with expert judgments (90). They also 
note that the hierarchical Bayesian technique was more flexible than other procedures in that 
it allows for different effects among groups of sites (90). 
Schluter, Deely and Nicholson applied the hierarchical Bayesian approach to ranking 
and selecting accident sites. Their basis for utilizing the method was that it could 
quantitatively, accurately and easily discriminate between sites that had small and variable 
observation count periods (91). The researchers also note that the hierarchical model 
provides a natural mechanism where prior information can be extracted and incorporated into 
the analysis (91). 
Raju, Souleyrette and Maze examined the impacts of the 65 mile per hour speed limit 
on Iowa's rural Interstate highways using an integrated Bayesian forecasting and dynamic 
modeling approach. The researchers noted that the integrated Bayesian model performed 
better than a standard time series model in that the uncertainty limits for the predicted values 
were lower for the Bayesian model (92). They also note that the Bayesian model was 
successful in tracking the seasonal pattern present in their data (92). 
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Tunaru developed hierarchical Bayesian models for road accident data for 156 
roadway segments in England. The models developed were multiple response models, where 
different types of accidents (severity and number of vehicles) were modeled simultaneously 
(93). 
Davis developed a Bayesian method for estimating accident rates at individual sites 
for cases when the total traffic was not known with certainty. First, an approximation for the 
probability distribution of total traffic conditioned on a short sample count was made (94). 
This was then used to develop a Bayes estimator of a site's accident rate, incorporating a 
Gibbs sampler to compute the rate estimates. It was concluded that accident rate estimates 
based on a two-week traffic sample were almost as accurate as estimates based on full traffic 
counting. 
Davis and Yang used hierarchical Bayes methods combined with an induced 
exposure model to identify intersections where crash risk for a given driver subgroup is 
higher than another group (95). Gibbs sampling was employed to implement the hierarchical 
approach, producing point and interval estimates or relative crash risk for a specified driver 
group (95). 
Pawlovich examined the application of a hierarchical Bayesian procedure to the 
development of safety Improvement Candidate Lists (SICLs) in Iowa. The hierarchical 
Bayesian approach was pursued because, unlike EB methods, it eliminated the need for a 
priori functions and factors while explicitly identifying important relationships between 
causal factors and safety performance (96). As part of this work, expected frequencies of 
crashes for the stop-controlled intersection sites under analysis were produced. It was 
concluded that the hierarchical Bayes method was an improvement over classical methods 
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for SICL development. Pawlovich notes that intersection approach based data should be 
utilized in future research to identify movements that are performing worse than expected 
(96). 
Miaou and Song examined the Bayesian ranking of sites for engineering safety 
improvements. Specifically, the research extended univariate spatial models to a multivariate 
setting following the Bayesian framework (97). The researchers state that such models were 
necessary in order to analyze more than one type of crash simultaneously. 
Qin, et.al. employed a hierarchical Bayesian framework to fit zero inflated Poisson 
regression models for predicting single vehicle, multivehicle same direction, multivehicle 
opposite direction and multivehicle crossing crashes for roadway sections (98). The 
hierarchical Bayesian model was fitted using Markov Chain Monte Carlo algorithms, 
specifically, the Metropolis algorithm. Predicted crash counts were a function of daily 
volume, section length, speed limit and lane/shoulder width. 
Oh, et.al. attempted to identify traffic conditions that might lead to accidents from 
real-time freeway data. As part of this work, accident likelihood was estimated by a 
nonparametric Bayesian model (99). The model classified traffic conditions on the basis of 
measurements of random variables of traffic conditions. The researchers concluded that, 
based on the application of the developed methodology, reducing speed variation would be 
most advantageous in increasing safety and reducing accident likelihood (99). 
Pawlovich, et.al. utilized a full Bayes procedure for a before and after assessment of 
the reduction in crash history due to 4 lane to 3 lane conversions in Iowa. Crash data from 
before and after site conversions were analyzed by fitting a hierarchical Poisson model to 
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crashes, with the estimation of model parameters conducted within a Bayesian framework 
(700). 
Ma and Kockelman employed a multivariate Poisson specification that was estimated 
within a Bayesian framework to produce a joint model of crash frequency and severity for 
40,000 highway segments in Washington State. As part of this work, a Gibbs sampler was 
constructed to create distributions of all parameter estimates (101). Positive correlation in 
unobserved factors affecting count outcomes existed across severity levels, resulting in a 
statistically significant additive latent term (101). 
Conclusion 
As the literature reviewed in this chapter illustrates, much research has been 
performed that is relevant to the work being conducted in this dissertation. The vast amount 
of research which has been conducted is still in need of being tied together in a more useful 
way. The work presented in the following chapters will attempt to accomplish this task, at 
least in an exploratory nature. 
Past work examining the interactions between safety and LOS have attempted to fit a 
safety component into the HCM's analysis procedures. These attempts have been flawed in 
that they attempt to combine two concepts which are better analyzed separately into one 
analysis procedure. Ongoing efforts such as the Highway Safety Manual, IHSDM and 
Safety Analyst do not attempt to make such combinations; rather, they focus on the safety 
aspects of the network. 
Research related to the modeling of safety at signalized intersections has gradually 
evolved over time. Initially, Poisson and Negative Binomial models were employed, with 
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recent efforts utilizing advanced procedures, including Empirical and Hierarchical Bayesian 
methods. EB and HB methods have not only been utilized in the development of safety 
models for various aspects of the roadway network, but also for the screening of potential 
improvement locations. 
Finally, research related to high speed signalized intersections has focused on both 
their safety, as well as operations. From a safety aspect, work has examined the effectiveness 
of signals at such sites, as well as the relationship between control measures employed, 
approach characteristics, phasing schemes and crashes. Operational research has focused on 
the dilemma zone and green extension times. 
48 
Chapter 3: Methodology 
Introduction 
The research conducted focuses on the impacts which safety or operational 
improvements have on one another at high-speed signalized intersections. In determining 
tradeoffs, the operational and safety performance of the intersection during a specific period 
of time was determined, as well as what the expected performance of that intersection would 
be given a change or changes. To assess operational impacts, the HCM procedures were 
employed. The assessment of safety impacts was not as simplistic, as the expected safety of 
the intersection had to be statistically modeled. The safety model took design and 
operational features of the intersection into account in computing the expected mean number 
of crashes under a given scenario. 
Central to these analyses was operational, geometric, traffic, operational and crash 
data. For safety modeling, geometric, traffic, operational (signal timings, delay and LOS) 
and safety data were all utilized to some extent. For operational modeling, geometric, traffic 
(movement counts) and operational (signal timing) data were employed. The following 
sections provide an overview of the research methodology, as well as the data employed in 
this research. 
Research Methodology 
The original goal of this research was to create a separate "safety" LOS, based on 
some metric related to expected crashes given a safety or operational change. The intent was 
to develop a safety LOS that would have taken on a letter value of A through F, similar to 
that for operational LOS. It would then be combined with an operational LOS to produce a 
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unified LOS for each location. To assess the tradeoffs between safety and operations, a 
theoretical change would be made to enhance safety or operations, and the individual LOS 
for both safety and operations would then be determined and combined. 
The problem with this methodology was that it might have resulted in LOS values 
which were the same for safety and operations, and the obvious combined result would be a 
LOS of C as well. This would not tell us anything with regard to whether or not a positive or 
negative impact occurred to safety or operations as a result of a safety or operational change. 
Subsequently, there would be no determination of the tradeoffs between safety and 
operations. 
Stemming from discussions and initial research work, a different methodology was 
developed to assess the tradeoffs between safety and operations. This methodology 
incorporates measures of the operational performance of the intersection (signal timings, 
delay) into the accident prediction model. This method also simplifies the means by which 
safety and operational tradeoffs can be assessed. It addresses the problems which would 
arise in the previously considered methodology with respect to sensitivity to safety change. 
In the method utilized in this research, changes to safety performance affect the number of 
accidents predicted and crash rates. Similarly, operational impacts are noted by changes in 
established HCM metrics. 
The means by which the methodology functions is straightforward. First, the baseline 
conditions at the intersection during the study period are established (existing LOS and crash 
rate). These are the operational and safety performance levels which we know occurred 
during the study period. The baseline conditions serve as a measuring stick to which the 
results of changes made to enhance operations or safety can be compared. 
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Next, the assessment of how a safety or operational change affects their counterpart is 
made. To do so, a countermeasure or measures are selected which are intended to improve 
safety or operations. A list of safety improvements, while not comprehensive, is presented in 
Table 3.5. Based on the selected countermeasure, the impact to the operations of the 
intersection would be made using the current HCM methodology. This is accomplished by 
coding the changes into Synchro to determine how operational metrics change. 
Table 3.1 : Sample safety improvements and their potential effect on operations 
Safety improvement Potential effect on operations 
Add through lane increase throughput, more vehicles served 
Add right turn lane reduce delay/queuing 
Add left turn lane reduce delay/queuing 
Prohibit turns increased delay/queuing 
Retime signal 
decreased delay to primary movements, 
potential increased delay to secondary 
(side street) movements 
Provide all red phase minimal increase in delay 
Add/Improve lighting 
provide drivers with better view of intersection and its 
elements, allow operations at higher speeds 
Improve/repaint pavement 
markings 
minimal improvement, but improved 
delineation would assist drivers and 
decrease confusion and subsequently delay 
Widen Lanes 
improved driver comfort, higher speed, 
improved throughput 
Upgrade/add roadway 
shoulder 
may result in reduced queuing if drivers use the 
shoulder for turning 
Install median 
may improve slightly due to improved 
channelization providing guidance 
Remove driveways in close 
proximity to intersection remove turning vehicles causing queuing and delay 
Synchro was selected as the operational analysis package for the research based on 
research by Washburn and Larson (2002). Their work compared the analysis methodologies 
and primary measure of signalized intersection performance (control delay) of the Highway 
Capacity Software, Synchro and TRANSYT-7F. The researchers used identical data for 10 
51 
signalized intersections as inputs to each model package. Results found that given this 
identical input data, minor differences (approximately 4 to 7 seconds) in control delay for 
each intersection were produced. The researchers did not make a conclusion with regard to 
which package is the correct one to utilize, but they do state that HCS is only recommended 
when analyzing a truly isolated intersection (102). For this research, Synchro was the 
preferred operational analysis platform, as it could analyze both isolated and non-isolated 
intersections (isolated being the nature of the sites employed in this work) in a user-friendly 
environment. Synchro also has the ability (through SimTraffic) to produce traffic 
simulations. 
To determine the impact on safety, the prediction model is utilized. The model 
outputs the expected number of crashes given the modified characteristics (geometric, 
operational) of the intersection and, subsequently, the expected crash rates given the changes 
made. Models were developed within a hierarchical Bayesian framework to accomplish this 
task and are detailed in Chapter 4. As evidenced in the literature review, only limited 
research has been performed concerning the development and application of such models to 
crash prediction at intersections (38, 96). 
Following this procedure (e.g. observing the changes in the LOS and expected 
number of crashes) we are able to ascertain what the tradeoffs have been between safety and 
operations at a location. If crashes and crash rate increased for a given operational 
improvement, we would know that a negative impact on safety had occurred. The caveat to 
this is that this is only what could be expected given a change or changes; a more rigorous 
before and after study of actual changes would be required to fully determine the true 
differences in terms of safety and operational performance. 
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From a time perspective, it would be challenging to make every conceivable 
combination of geometric and operational change to all study intersections in order to 
determine site-specific tradeoffs. Instead, a more practical approach was followed for this 
research. It involved the selection of a limited number of sites which have poor operational 
(based on LOS and delay) or safety performance (based on crash rates), and look at the 
impacts of simulated changes at these locations. The sites selected and their analyses are 
presented in Chapter 5. More extensive analysis, beyond the scope of this research, would be 
required to verify that the observed results remain consistent across study sites (e.g. those 
sites outside of the limited number already examined). 
Study Sites 
Based on previous research conducted by Hallmark and Mueller (2004), 101 high­
speed signalized intersections located in central and eastern Iowa were identified as study 
candidates (58). These sites represented the majority of high speed signalized intersections 
in the state. High speed intersections, for the purposes of this research, are defined as those 
in which at least one of the approaches has a speed limit of 45 miles per hour or greater. The 
available sites are illustrated in Figure 3.1. The previous research had confirmed that no 
changes (signal timing, geometric) had occurred at these sites between 2001 and 2003. In 
addition, the signal timing plans in use for each intersection during this period had been 
acquired. Other data available from past research included traffic counts and geometric 
variables. 
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Figure 3.1: High speed signalized intersection locations 
During the course of acquiring additional data for the study sites, approximately 16 
were eliminated from inclusion in the present research. The locations and reasons for 
exclusion varied. Some sites lacked 15 minute traffic counts necessary for determining the 
peak hour volume and peak hour factor for operational analysis. In these cases the locations 
were located hundreds of miles away, preventing economical collection by the researcher. 
At other sites geometric changes had occurred after 2003, precluding an accurate 
measurement of key features such as turn lane lengths as they existed during the study 
period. Finally, the signal timing plans of three sites in North Liberty could not be located in 
the data files from the prior research, and contact with the city engineer was also 
unsuccessful in tracking down this information. 
The 85 sites which were retained for this research are located either within urban 
areas or on the urban fringe. The majority of sites have four approaches; however 12 sites 
were T intersections, or those for which only three approaches were present. A listing of the 
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sites included in this research and specific information pertaining to them can be found in 
Appendix A. 
Operational Data 
The first portion of data required for the research was operational data, specifically, 
the signal timing plans for each of the study sites. Such information is a critical component 
in determining Level of Service for a signalized intersection. The plans available were those 
in use at the study sites between 2001 and 2003 and were available from past research work. 
It was verified that the timing plan remained constant over the study period. 
Since many traffic signals are currently semi-actuated or fully actuated and timing 
plans can change throughout the day, only a select number of timing characteristics were 
included in this research. These included the minimum and maximum green times for each 
approach and lane group (if applicable), as well as the yellow and all red times, pedestrian 
timings and the phasing scheme employed (permitted, permitted-protected, split, etc.). 
Additionally, the intersections used in the research were isolated in nature and not part of a 
coordinated signal system; as a result, the effect of coordination on safety and operations was 
not examined. 
Geometric Data 
Each of the study sites was visited in order to collect geometric data, as well as to 
verify that no geometric changes had occurred since the study period. Such changes were 
noted by the presence of new pavements, as well as the addition or removal of lanes. The 
geometric data elements collected are identified in Table 3.1. 
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Table 3.2: Geometric variables collected 
• Turn lane lengths • Lane Widths 
• Grades by Approach • Shoulder Presence and Type 
• Pavement Type(s) • Driveways w/in functional area 
• Signal Structure Type(s) • Lighting (if present) 
• Crosswalk Presence • Pedestrian Signal 
• Median Type • Median Width 
• Land Uses • Speed Limits 
Geometric features which were not collected for the research included signal head size, the 
presence of signal backplates and the intersection angle. 
Geometric information by approach was entered into a database created specifically 
for use in the development of statistical model. While all of the collected variables were not 
ultimately used in this research, it was thought to be beneficial to collect data while present at 
each location for potential use in future research. 
Crash Data 
Crash data were obtained from the Iowa DOT crash database. Crashes for each 
intersection were extracted for the three-year period from 2001 to 2003. This was 
accomplished through the use of an ArcView™ script developed in previous research by 
Hallmark and Veneziano (103). Crashes that had occurred within 50-meters (165 feet) were 
selected for each intersection. Next, crashes which fell into of the following categories were 
excluded since the crash type, vehicle action, or driver action indicated that the crash was not 
intersection related: 
• Crash type coded as "non-collision", "non-intersection", "pedestrian/bike crossing or 
unknown intersection type", or "work-zone related" 
• Vehicle's actions coded as backing up or parking 
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• Driver action indicated "crossing the centerline", "failure to yield the right of way 
from a driveway or parked position", "due to inattention", "vision obstruction", or 
"other" actions 
The remaining crashes were added to a text file for subsequent linking to a point database of 
the intersection sites in ArcView. 
As the objective of the research was the development of prediction models of crashes 
by movement and by severity, particular attention was placed on determining which 
approach crashes occurred on, vehicle movements and the severity of the crash. In the case 
of single vehicle crashes (which were limited in number), the process of assigning approach, 
movement and severity was straightforward. For multiple vehicle crashes, the assignment 
process was more detailed. In such crashes, each crash was examined to determine the 
vehicle at fault in order to assign the crash to a specific approach and movement. The 
approach and movement of the vehicle at fault were of interest because the research sought to 
analyze design and operational alternatives specific to approaches and movements which 
may have an impact on crashes. By assigning a crash to a specific approach and movement, 
it was possible to identify crash patterns as they occurred at the approach level as well as 
assess improvements to determine how safety and operations were impacted. 
Fields examined in the crash databases included InitDir (Initial Direction of Vehicle), 
VAction (Vehicle Action), and DContCirc (Driver Contributing Circumstances) and 
Cseverity (Crash Severity). DContCirc was the primary means by which the vehicle at fault 
was established. In cases where it was unclear as to which vehicle was at fault or the 
direction of travel, the crash narratives in the Iowa DOT's files associated with the crashes 
were consulted. The InitDir field was used to determine the direction of the vehicle at fault 
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and assist in identifying the approach it was traveling on, while VAction and Cseverity 
allowed for the assignment of the movement that vehicle was making and the severity of the 
crash, respectively. Once the severity, movement and approach the crash had occurred on 
were determined, they were entered into the database previously developed to record 
geometric and operational variables for use in the development of the statistical models. 
At the start of 2001, a new crash form was used. Due to this transition from one crash 
report form to another, approximately 9,000 crashes were not included in the 2001 crash 
database. The reason for this omission was that data quality assurance had not been resolved 
when the research commenced. After discussion with Iowa DOT personnel it was assumed 
that the omitted crashes were randomly distributed as a result. 
The 85 intersections used in the analysis experienced a total of 328 crashes in 2001, 
393 crashes in 2002 and 415 crashes in 2003. Frequency and severity by year are presented 
in Table 3.2. Note that there are no fatal crashes present in this table. This is because there 
were only two fatal crashes at the 85 study sites between 2001 and 2003, and no statistical 
assessments could be made for this crash type. As a result, these were considered as major 
injury crashes for the purposes of this research*. 
• This is consistent with the Iowa DOT's practice in developing Safety Improvement Candidate Location lists 
where the first fatality in any one crash is converted to a major injury partially to mitigate the effect of random 
chance, seat belt use, etc. 
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Table 3.3: Summary of crash frequencies for study sites 
Severity Year Frequency Total 
Major 
2001 17 
40 
2002 8 
2003 15 
Minor 
2001 54 
117 
2002 36 
2003 27 
Possible 
2001 63 
224 
2002 74 
2003 87 
PDO 
2001 193 
754 
2002 275 
2003 286 
Traffic Data 
Traffic data for the study intersections were also collected. This included average 
annual daily traffic (AADT) and hourly counts. AADT was required to determine the 
volume of vehicles entering the intersection via each approach daily. Hourly counts were 
necessary to determine the peak hour of traffic for the intersection each day to determine 
Level of Service. 
The 2002 AADT count used for the research because of its median location in the 
study period. The belief was that the 2002 AADT represented the average AADT at the 
intersections during the three study years. Since none of the sites experienced large traffic 
growth (as the result of new developments, etc.) during this period, 2002 was a good 
representative of the overall traffic conditions during this time. 
AADT for the high-speed approaches were available from the previous research by 
Hallmark and Mueller. They obtained AADT data from Iowa DOT traffic count records 
(when such data were available). Alternative sources were used to determine AADT when it 
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was not available from direct DOT counts, including AADT maps provided by cities and the 
Geographic Information Management Systems (GIMS) database, which estimated AADT 
from previous years AADT counts. 
Hourly count data were acquired directly from the Iowa DOT and cities when 
available. When hourly count data were not available, site visits were made during the fall of 
2005 and spring of 2006 and hourly data were collected for the am and pm peak period. The 
hourly count data acquired focused on two periods of the day: the morning peak (7:00 a.m. -
9:00 a.m.) and the evening peak (4:00 p.m. and 6:00 p.m.). These are the periods of the day 
when the study intersections were likely to see their greatest demand in terms of vehicle 
traffic. The hourly counts were broken down by both approach and movement (left-turn, 
through and right-turn). These data were subsequently used to identify the peak hour (the 
single hour of the day that has the highest hourly volume). The Peak Hour Factor (PHF) (the 
relationship between the hourly volume and the maximum rate of flow within the hour) was 
also calculated using the identif ied peak hour (6). 
For approximately 25 traffic counts provided by the Iowa DOT, movement data were 
broken down into hourly counts, rather than the 15-minute intervals required for calculating 
the PHF. Since additional data collection was beyond available project resources, it was 
decided to use peak hour factors from intersections with similar characteristics (traffic 
movement volumes, geometries) in lieu of actual values. In order to ensure that this was 
accurate enough for project goals, a sensitivity analysis was performed. PHF from similar 
intersections was input to SYNCHRO for the 25 intersections and then the peak hour factor 
was varied by ± 5%, ±10, and ± 15% to determine how changes in PHF would affect LOS. 
Results of the sensitivity analysis revealed that LOS changed very little as PHF was varied 
from -15% to +15%. This suggested that the PHF estimates were adequate for project 
purposes. Based on these findings, the PHF was estimated for these 25 sites. 
Traffic counts are completed in Iowa on a four year rotating cycle. Each quadrant of 
the state is collected once every four years. As a result, AADT was not always available for 
the analysis period. When current year traffic counts were not available, previous year 
counts were extrapolated to the study year using year averages obtained from Automatic 
Traffic Recorder (ATR) data. ATRs gather volume counts continuously for different 
categories of roads throughout the state. This information was used to determine the average 
changes in traffic, which are reported as a percentage, from one year to the next. 
For the research, the percent change in traffic volume occurring on the "Municipal 
Primary" system from the ATR reports throughout the state was of interest. During the study 
years, changes were very small: a 1% decrease from 1999 to 2000, a 1% increase from 2000 
to 2001, a 2% increase from 2001 to 2002, and no change from 2002 to 2003. While the 
actual traffic volumes at the study sites may have increased or decreased at rates different 
from the statewide average, the absence of any actual counts made on a yearly basis 
warranted the use of the ATR data as a best estimate. 
AADT and hourly counts prior to 2002 were normalized to 2002 using an adjustment 
factor of 1% per year (the average annual increase reported in the ATR reports from 1999 to 
2003). No normalization was made for hourly counts between 2003 and 2005 since the 
average change in traffic on municipal primary roadways was very small: a 1% decrease 
from 2002 to 2003, a 1% increase from 2003 to 2004, and no change from 2004 to 2005 
(2006 counts were treated as being made in 2005 since they occurred in early January). 
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Chapter 4: Model Development 
Introduction 
As computational power has increased, the application of Bayesian methods to 
highway safety research has become more widespread, as seen in Chapter 2. This chapter 
will detail the development of models within a hierarchical Bayesian framework for the 
prediction of crashes at high speed signalized intersections. These predictions will be used in 
the assessing the impacts which have occurred as a result of changes made o an intersection. 
As part of this work, an overview of Bayesian philosophy and theory are presented for reader 
familiarization. A more thorough discussion of these topics, as well as equation derivations 
can be found in the work of Pawlovich (2003) as well as Carlin and Louis (1996). 
Bayesian Theory 
Bayesian statistics are an alternative to the hypothesis testing and confidence interval 
estimation of classical statistics. Bayes' Theorem, named after Reverend Thomas Bayes, 
expressed in equation form, is: 
P,ob(P|D)^<D|P>*(P> 
Prob(D) 
Where: 
P represents the parameter of interest, and 
D represents data§ 
In simplified terms, the left side of the equation represents the distribution of likely values of 
model parameters, given the observed data D and prior information, or the posterior 
5 The notation of P for population and D for data will be utilized throughout this text 
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distribution of P. The probability Prob(D|P) represents the probability of the observed data 
D, conditional on parameters, otherwise known as the likelihood function. Prob(P) is the 
prior distribution, or the distribution of likely values of P before any data have been 
collected. Prob(D) is the prior predictive (or marginal) distribution of the observed data. In 
essence, Bayesian methods are used to make statements about an unknown quantity in a 
systematic way using what partial knowledge is available (96). In this manner, Bayesian 
methods are attractive for use in the analysis of complex problems. 
A simple example by Iversen (1984) illustrates the process: suppose we have three 
different populations (PI, P2, and P3) and we want to know from which of these populations 
our sample data came from. In this example, we are concerned with the probability of one 
member of the population being of Catholic. For PI, 30% of the people are Catholic, while 
for P2, 50% are Catholic and for P3, 70% are Catholic. Of interest to us is the probability 
that a person selected at random came from each of these communities. 
Since the initial choice was made at random with equal probabilities, each community 
has a probability of being chosen of 1/3 (Prob(Pl) = Prob(P2) = Prob(P3) = 0.333) (106). 
These are the prior probabilities, since they give the probabilities of three populations before 
the data are known. Now we need to know the data probabilities Prob(D|Pl), Prob(D|P2) and 
Prob(D|P3). For PI, the data probability is 0.3, while it is 0.5 for P2 and 0.7 for P3. 
According to Bayes' theorem, the result is: 
Prob (P1|D) = 0.3(0.333) 0.0999 = 0.20 
0.3 (0.333) + 0.5 (0.333) + 0.7(0.333) 0.4995 
Prob (P2 | D) = 0.5(0.333) 0.1665 = 0.33 
0.3 (0.333) + 0.5 (0.333) + 0.7(0.333) 0.4995 
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Prob (P3 | D) = 0.7(0.333) 0.2331 = 0.47(706) 
0.3 (0.333) + 0.5 (0.333) + 0.7(0.333) 0.4995 
These are the posterior distributions. What they are telling us is that after we know that our 
data consist of a sample of one person who is Catholic, the probability is 0.2 that the data 
came from PI, 0.33 that it came from P2 and 0.47 that it came from P3. Recall that before 
we knew the data, each community had a probability of 0.333 (104). 
Bayesian methods approach data analysis in a different manner than classical 
(frequentist) methods do. While classical approaches use only the observed data in 
hypothesis tests, Bayesian methods use the observed data along with the knowledge gained in 
the past about the population in testing the hypothesis. In this manner, Bayesian methods are 
dependent not only on observed data, but also the history (from experience or expert 
judgments) of the problem being analyzed. It is this use of historical data which may make 
the results of a Bayesian analysis more reliable than that of the classical approach; 
knowledge gained from past experience is utilized in study of the problem. However, if the 
size of the data is large enough or the prior distribution for a population is vague enough, 
then the effect of this history can be reduced. In such a case, the data are going to speak for 
themselves and results will approach those which would have been obtained from classical 
methods. 
Bayesian methods allow for the common-sense interpretation of statistical 
conclusions. The Bayesian confidence interval (the credible set), does not require the 
awkward interpretation as does that of classical statistics. In classical statistics, the 
confidence interval is rigidly interpreted; for example, if an experiment is conducted 
repeatedly, 1 -a % of the confidence intervals would cover the true value of the parameter 
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(105). In contrast, the Bayesian methods allow for a statement concerning the probability of 
P falling in the interval to be made for credible sets (105). 
Bayesian methods differ from classical methods in the manner in which statistical 
inference is handled. Classical statistics evaluates procedures based on repeated sampling, 
imagining an infinite replication of the same problem and evaluating properties over this 
sampling framework for fixed values over unknown parameters (105). Conversely, Bayesian 
methods require a sampling model and a prior distribution on the parameters. Unknown 
parameters are considered random and all inferences are based on their distribution 
conditional on observed data (105). 
An additional difference is that, while Bayesian methods do rely on prior 
distributions, sometimes causing them to be regarded as subjective, they do not rely on 
mathematical idealizations of a quantity, as is the case with classical methods (96). 
Conversely, most Bayesian problems rely on some form of scientific judgment to specify the 
"likelihood" (all relevant experimental information about the unknown parameter) and prior 
distribution portions of the model. This aspect of Bayesian statistics offers an advantage 
over classical methods in that whenever another analysis is conducted, the Bayesian-based 
database and knowledge grow (96). 
Empirical Bayes versus Hierarchical Bayes 
As seen in the review of safety literature, empirical Bayesian (EB) methods have 
become a mainstream tool in the safety community. EB methods are a special case in the 
Bayesian paradigm where prior distributions are partially based on the sample (100). They 
were developed to simplify the computational difficulties previously associated with the 
hierarchical Bayesian method. In EB methods, the prior distribution is estimated from the 
actual data. Two datasets are used in the EB procedure; one for the estimates of 
hyperparameters, (or rjA, which are additional parameters in additional levels of the model 
that define uncertainty about individual parameters of the previous model level (96)) and the 
second to estimate the posterior distribution. 
The double use of the data results in inferences from the posterior being 
"overconfident", and when not accounted for, such EB methods are referred to as naïve (96). 
A good deal of research has been performed to correct for these overconfident inferences, 
hence the continuing use of EB methods. This is evidenced by the extensive development 
and application of EB methods to highway safety. While these have provided a solid 
framework to build upon, they possess a key drawback, the need for safety performance 
functions (SPF's, or hyperparameters). The development of SPF's can be time consuming 
and costly, creating an argument against the use of EB methods. Conversely, a hierarchical 
Bayes model does not need SPFs (although it can still be used to develop them), providing 
the potential advantage of time and cost savings while also providing more reliable estimates 
Hierarchical Bayesian methods refer to the specification of a Bayesian model over 
several levels, with each new distribution forming a new level in the hierarchy (105). These 
methods are utilized when information is available on different levels of observational units. 
The simplest model would only consist of two levels; likelihood and prior. 
Hierarchical models allow the modeler to structure some dependence between the 
parameters under study in a logical manner. In this approach, model parameters are treated 
as random variables with the goal of estimating the posterior distribution of likely values of 
66 
the parameters given priors and data (100). In shorthand (using the notation of Iversen, 
1984), the posterior is proportional to the likelihood times the prior, or Prob(P|D) a /(D|P) ji 
(P) (96, 70J). 
One additional advantage of Bayesian methods is realized when a full data set (Di, 
D2) is collected in two stages by first finding Prob(P|Di) and then using it as the prior for the 
second set of data (D2). As noted by Pawlovich (2003), this presents two implications. The 
first portion, D,, can be used to calibrate the model that can then be validated by the second 
portion D2. Secondly, the results from previous analysis can be incorporated as part of the 
prior knowledge for subsequent analysis (96). 
Application of Bayesian Approach 
For the research presented here, hierarchical Bayesian analysis will be utilized. A 
key advantage to Bayesian methods in a crash modeling context is that they can correct for 
the regression to the mean, which is important whenever the crash history of the entity is in 
some way connected with the reason why its safety is estimated (80). This method is also 
attractive as it eliminates the need for SPF's. They also can be used to develop results using 
limited data, a contrast to frequentist methods which require large samples of data. The 
caveat to this is that the resulting credible sets might not be very tight. Finally, the 
hierarchical method presents the opportunity to further explore and refine the technique itself 
as it applies to signalized intersections. 
Application of Bayesian methods to data analysis can be divided into three steps 
(106). The first step is to set up the full probability model. This produces a joint probability 
distribution for all observable and unobservable quantities. The second step is the 
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conditioning on observed data by calculating and interpreting the appropriate posterior 
distribution. The posterior distribution is frequently estimated using Markov Chain Monte 
Carlo (MCMC) simulation techniques. The third step is to evaluate the fit of the model. 
Depending on step three, the model may be expanded and the three steps repeated. 
Markov Chain Monte Carlo 
To calculate the posterior distribution for Bayesian analysis, Markov chain Monte 
Carlo (MCMC) simulation techniques are employed. Markov chain Monte Carlo methods 
draw a large sample Pi, P2,.. .PM from Prob (P | D) ,by generating a Markov chain for P with 
stationary distribution equally to Prob(P|D). Given a set of starting values for P, a number of 
iterations are run, and, after time, the chain converges to its stationary distribution (96) 
As noted by Pawlovich (2003), the concept of MCMC is simple to employ for 
parameters with discrete values, but it becomes more complicated when working with 
continuous-valued parameters. In the case of continuous parameters, the Gibbs sampling 
method can be employed. The Gibbs sampler, like other MCMC methods, is a technique for 
generating samples from a posterior distribution indirectly, without having to calculate the 
actual posterior density (107). The sampler generates a Markov chain of the parameters that 
converges to the distribution of interest Prob(P|D). 
Using the Gibbs sampler, the Markov Chain is generated from a transition probability 
matrix, or TPM, that consists of drawing values of the parameters P from all full conditional 
distributions (96). Consider, for example, a three-dimensional parameter vector P = (Pi, P2, 
P3). As Pawlovich (2003) explains, given the likelihood Prob(D|Pi,P2,P3) and the prior 
Prob(Pi) Prob(P2) Prob(P3), or Prob(Pi, P2, P3) if independent, we get: 
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Prob(Pi,P2,P3p) aProb(D|Pi,P2,P3) Prob(Pi) Prob(P2) Prob(P3) 
Where: 
Prob(D|Pi,P2,P3) = the likelihood function, and 
Prob(Pi) Prob(P2) Prob(P3) = the prior distribution. 
We can then draw a sample of Pi, P2, P3 from Prob(Pi, P2, P3ID) based on the full 
conditionals through four steps using Gibbs sampling (96). The steps are: 
1.) Guess values for P2 and P3, which are then designated P2° and P30 ,  
2.) Draw P,1 from Prob(Pi|P2 = P2°, P3 = P3°, D), 
3.) Draw P2! from Prob(P2|Pi = P,1, P3 = P3°, D), 
4.) Draw P3' from Prob(P3|Pi = P,\ P2 = P2\ D), 
The term "draw" refers to samples generated for each parameter /5. The first Gibbs draw 
results from the set of {P/, P2\ P31}. Iteration of steps 2 through 4 is employed to produce 
multiple draws for obtaining multiple values of P. 
From its beginning until a number of iterations have passed, the sampling will not 
reach a stationary distribution. This is referred to as the burn-in period; this period ends 
when the chain converges to its stationary distribution. Once this point has been reached, the 
sampling of parameter draws which are retained for inference begins. The length of the 
burn-in required can be uncertain and is sometimes set at a sufficiently high number to 
ensure convergence (96, 108). Sampling continues until iteration M, a specified stopping 
point defined by monitoring model convergence, to obtain adequate precision in the 
estimator (96). Given these estimates, statements about the probability regarding the 
dependent variable can be made (96). For the first and second models, the burn-in period 
was set at 5001 iterations, as model convergence was noted to occur by this point during 
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exploratory runs. Subsequently, every 72 draws were retained for inference, with the 
decision to retain every 72nd draw made at random. 
Model Development 
Bayesian analysis as it is applied to this research allows for two types of predictions; 
the frequency and rate accompanying a change. In other words, for this research we are able 
to predict the crash frequency and rate for various changes made to the intersections. While 
Bayesian analysis can provide many outputs, this research was interested in the frequency of 
crashes which could occur under a given scenario. 
The focus of this research is to develop a model which predicts the number of crashes 
which would occur given various changes to geometric or operational variables. This interest 
is in both the number of crashes occurring by movement (left turn, through and right turn) as 
well as the severity of the crash (major injury, minor injury, possible injury and property 
damage only). The expected number of crashes will ultimately be used in assessing whether 
a change made in geometry or control has resulted in a safety improvement or decline at the 
site. 
The first step in developing the necessary models for this research is the selection of 
an appropriate model form. As evidenced by the literature in Chapter 2, various model forms 
have been applied by researchers over the years. Given the nature of the data available over 
the study period of this research, specific consideration must be given to the preponderance 
of zero crash occurrences on many approaches and movements. The following section 
details the model which provides such consideration. 
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The Zero-Inflated Poisson 
Typically in crash modeling, negative Binomial or Poisson regression models are 
used. These models seek to model count data (crashes) as a function of covariates and 
capture overdispersion by assuming gamma distributed means across locations/sites with 
Poisson crash processes (109). Most research indicates that the variance of crash data is 
greater than the mean (overdispersion). In such cases, it is advantageous to utilize a negative 
Binomial model, to overcome the effects of overdispersion while describing discrete, 
nonnegative events (110). 
The negative Binomial model allows the variance to be a quadratic function of the 
A A A 
mean of the form y + K(y)z, where y is the proposed mean and K is the non-negative 
constant called the overdispersion parameter (47). If K is zero, an ordinary Poisson model 
results; if K is positive, nonrandom multiplicative variation in the model due to variables not 
explicitly present is added. 
A number of the 85 sites used in this research experienced zero crashes for one or 
more years by approach, as well as movement. The preponderance of zero crashes is the 
result of one or more of four conditions: 1) sites with combination of low exposure, high 
heterogeneity, and sites categorized as high risk; 2) analyses conducted with small time or 
spatial scales; 3) data with a relatively high percentage of missing or mis-reported crashes; 
and 4) crash models with omitted variables (111). If the excess of zeros is left unaddressed, 
the estimated models may be biased by an overrepresentation of zero accidents. 
Recent research has applied Zero-Inflated Poisson (ZIP) models to account for the 
excess of zeros resulting from these conditions. The research presented here will use ZIP 
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models. ZIP models are attractive in that they are able to account for the low exposure and 
high risk conditions present at intersections. They modify the ordinary Poisson model for 
counts by assigning greater probabilities to counts equal to zero. The ZIP was used for this 
research rather than a zero-inflated negative binomial model because of its approximate 
equivalency (the prior normal distribution of the ZIP is the equivalent of the negative 
binomial distribution). 
Zero-inflated Poisson models assume that the events Y= (yi, y2,.. .yn) are 
independent. The basic model is of the form: 
Yj ~ Poisson (XJ 
Zj ~ Bern (#,) 
f - O i f  Z i - l  1  
0 otherwise j 
where: 
yi = number of events per period; 
6\ = probability of zero crashes at approach i; and 
\ = the mean of the distribution (40,113). 
These models are suitable for data generated from two fundamentally different states; a 
normal count process state and a zero count state (111). ZIP models separate the zero state 
process from the parent count models (Poisson or negative Binomial) and let contributory 
factors influence the two states (40). 
Lord, et.al. (2005) point out that ZIP models may not be entirely appropriate for 
characterizing the underlying crash processes leading to excessive zeros. Instead, small-area 
statistics (SAS), which are suitable when working with small sample sizes such as those 
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found in this research, should be employed. Such techniques use "indirect" estimators that 
"borrow strength" by using values from related areas and/or time periods to increase the 
"effective" sample size of interest (111). Empirical and hierarchical Bayesian methods are 
among these techniques. This research will combine both the use of SAS with the ZIP 
through the use of the hierarchical Bayesian method to estimate the parameters of the ZIP 
regression model. 
Determination of Model Applicability 
Given the high number of zero crash cases that occurred, we needed to determine if 
the ZIP model was an appropriate form to utilize. We first examined its use in modeling the 
number of crashes occurring on an approach by movement. By drawing a density function 
for the Poisson distribution with the parameter equal to the mean of a specific type of crash, 
it was found that the sites with zero crashes greatly exceed the density function of the 
Poisson distribution. This is displayed in Figures 4.1, 4.2 and 4.3 by approach, movement 
and year. This leads us to the conclusion that it is reasonable to utilize the zero-inflated 
Poisson model in modeling the number of crashes. 
IL . L 
CrashSOUTH 
L. L 
0 2 4 6 0 1 2 3 4 5 
CrashNÛRTH CrashWËST 
Figure 4.1: Histograms of Y (probability) versus X (frequency), by approach 
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Figure 4.2: Histograms of Y (probability) versus X (frequency), by movement 
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Figure 4.3: Histograms of Y (probability) versus X (frequency), by year 
Next, the frequencies of crash severities occurring on approaches by yearly total, 
movement and severity type were examined. Results of these examinations are presented in 
Tables 4.1 through 4.3. 
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Table 4.1: Crash frequencies along approaches 
Year 2001: Cumulative Cumulative 
totalcrOl Frequency Percent Frequency Percent 
0 165 48 53 165 48 53 
1 91 26 76 256 75 29 
2 43 12 65 299 87 94 
3 21 6 18 320 94 12 
4 14 4 12 334 98 24 
5 4 1 18 338 99 41 
6 2 0 59 340 100 00 
Year 2002 : Cumulative Cumulative 
totalcr02 Frequency Percent Frequency Percent 
0 143 42 06 143 42 06 
1 90 26 47 233 68 53 
2 62 18 24 295 86 76 
3 23 6 76 318 93 53 
4 12 3 53 330 97 06 
5 5 1 47 335 98 53 
7 3 0 88 338 99 41 
8 2 0 59 340 100 00 
Year 2003 : Cumulative Cumulative 
totalcr03 Frequency Percent Frequency Percent 
0 139 40 88 139 40 88 
1 98 28 82 237 69 71 
2 46 13 53 283 83 24 
3 28 8 24 311 91 47 
4 14 4 12 325 95 59 
5 6 1 76 331 97 35 
6 7 2 06 338 99 41 
7 2 0 59 340 100 00 
Table 4.2: Crash frequencies by movement 
Movement=Left: Cumulative Cumulative 
totalcrlt Frequency Percent Frequency Percent 
0 200 58 82 200 58 82 
1 75 22 06 275 80 88 
2 34 10 00 309 90 88 
3 14 4 12 323 95 00 
4 7 2 06 330 97 06 
5 6 1 76 336 98 82 
6 2 0 59 338 99 41 
7 2 0 59 340 100 00 
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Movement=Through: Cumulative Cumulative 
totalcrth Frequency Percent Frequency Percent 
0 106 31 . 18 106 31 . 18 
1 66 19 .41 172 50 .59 
2 55 16 . 18 227 66 .76 
3 36 10 . 59 263 77 .35 
4 24 7 . 06 287 84 .41 
5 15 4 .41 302 88 . 82 
6 16 4 . 71 318 93 . 53 
7 8 2 .35 326 95 . 88 
8 6 1 . 76 332 97 . 65 
9 1 0 .29 333 97 . 94 
10 2 0 . 59 335 98 . 53 
11 2 0 . 59 337 99 . 12 
12 1 0 .29 338 99 .41 
13 2 0 . 59 340 100 . 00 
Movement=Right: Cumulative Cumulative 
totalcrrt Frequency Percent Frequency Percent 
0 252 74 . 12 252 74 . 12 
1 61 17 . 94 313 92 . 06 
2 19 5 .59 332 97 . 65 
3 7 2 . 06 339 99 . 71 
4 1 0 .29 340 100 . 00 
Table 4.3: Crash frequencies by severity 
Severity=Maj Cumulative Cumulative 
totalcrMAJ Frequency Percent Frequency Percent 
0 302 88 . 82 302 88 . 82 
1 35 10 . 29 337 99 . 12 
2 3 0 . 
00 00 
340 100 . 00 
Severity=Min Cumulative Cumulative 
totalcrMIN Frequency Percent Frequency Percent 
0 252 74 . 12 252 74 . 12 
1 61 17 . 94 313 92 . 06 
2 24 7 . 06 337 99 . 12 
3 3 0 . 88 340 100 . 00 
Severity=POS Cumulative Cumulative 
totalcrPOS Frequency Percent Frequency Percent 
0 198 58 . 24 198 58 . 24 
1 91 2 6 . 76 289 85 . 00 
2 33 9 . 71 322 94 . 71 
3 12 3 . 53 334 98 . 24 
4 1 0 . 29 335 98 . 53 
5 3 0 . 88 338 99 . 41 
6 2 0 . 59 340 100 . 00 
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Sever!ty=PDO 
totalcrPDO Frequency Percent 
Cumulative 
Frequency 
Cumulative 
Percent 
0 85 25 00 85 25 00 
1 78 22 94 163 47 94 
2 62 18 24 225 66 18 
3 38 11 18 263 77 35 
4 26 7 65 289 85 00 
5 20 5 88 309 90 88 
6 10 2 94 319 93 82 
7 6 1 76 325 95 59 
8 8 2 35 333 97 94 
9 3 0 88 336 98 82 
10 3 0 
CO CO 339 99 71 
11 1 0 29 340 100 00 
Analysis indicated that data were sparse once again, with a preponderance of zero crash 
occurrences. As such, the zero-inflated Poisson was appropriate for the modeling being 
performed in this research. 
Descriptive Statistics 
Before moving on to the development of the model, descriptive statistics were 
compiled to further explore the data and verify its consistency. Single variable frequencies 
were used to summarize the number of crash occurrences for a particular variable. 
Histograms were employed to examine the relationships between number of crashes and the 
geometric and operational variables. This allowed for the identification of underrepresented 
values which were then combined with similar values. The following provides an overview 
of the descriptive statistics compiled for this research. 
Examination of the number or crashes occurring for a given entering speed limit 
found that the entering speed limit for the vehicle at fault was primarily 45 miles per hour. 
This would indicate that most of the crashes experienced at the study sites involved vehicles 
operating on the high speed approaches. 
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Figure 4.4: Number of crashes versus entering speed limit 
When the number of crashes versus opposing speed limit (the speed limit on the 
opposing approach to that of the vehicle at fault) was examined, it was observed that the 
most prevalent opposing speed limit in crashes was 45 miles per hour. This was to be 
expected, as the predominant approach speed limit in crashes was 45 miles per hour. It 
stands to reason that the speed limit on the opposing approach would be identical. 
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Figure 4.5: Number of crashes versus opposing speed limit 
The number of crashes versus left turn lane length revealed that a high number of 
crashes occurred at sites where no left turn lane was present (e.g. length equaled zero). Aside 
from this, a high number of crashes also occurred at sites with left turn lanes of lengths 
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approximately 150 and 200 feet. In addition, some outlying crashes were observed for lanes 
of between 450 and 550 feet in length. 
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Figure 4.6: Number of crashes versus left turn lane length 
In examining the number of crashes versus number of through lanes, it was evident 
that the majority of crashes were occurring at sites with two such lanes. Lower numbers of 
crashes occurred at sites with one and three through lanes, while a few crashes occurred at 
sites with no through lanes (these were t-intersections). 
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Figure 4.7: Number of crashes versus number of through lanes 
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Examining the number of crashes versus right turn lane length, it is obvious that most 
crashes occurred at sites with no right turn lane present (length equal to zero). Based on the 
low number of sites with right turn lanes present, this was not surprising. The sites which did 
have such lanes saw varying numbers of crashes occurring at them when compared to their 
length. Two crashes were observed to occur at a site with a lane of 1000 feet in length. This 
was not an outlier; rather, the site did have such a lane present. However, this case illustrates 
the power of descriptive statistics in identifying potential coding errors and other problems 
within the data. 
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Figure 4.8: Number of crashes versus right turn lane length 
When the number of crashes versus the type of median present at an approach was 
examined, it was observed that the majority of crashes occurred where barrier medians were 
present. Such medians are those which are constructed entirely of concrete, as opposed to 
containing a grass area in the median's center. Additionally, a significant number of crashes 
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occurred on approaches where either no median was present or where an area comprised 
entirely of grass served as the median. 
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Figure 4.9: Number of crashes versus median type 
Examination of the number of crashes versus median width revealed that, aside from 
sites where no median was present (median width equals zero), most crashes occurred at sites 
where the median width was between 1 and 10 feet. This was not surprising, as most sites 
which had medians did not feature a wide right of way. As a result, median widths were 
somewhat constrained. 
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Figure 4.10: Number of crashes versus median width 
Examination of the number of crashes versus shoulder type showed that most crashes 
were occurring along approaches where gravel or curbed shoulders were present. Only a 
limited number of crashes occurred where an earthen or paved shoulder was present, which 
was expected as only a few of these shoulder types were present at the study sites. Two 
crashes occurred at a site where no shoulder was present. This was a site where the approach 
was a private driveway. In subsequent modeling, this approach's shoulder types were 
classified as earth. 
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Figure 4.11: Number of crashes versus shoulder type 
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Examination of the number of expected crashes versus shoulder width showed that 
most crashes occurred along approaches where the shoulder was zero feet wide. This 
indicates that most crashes were occurring along approaches where curbing was present. 
Aside from this observation, crashes occurred along approaches where shoulder widths 
varied between 1 and 13 feet, with one outlier occurring at a site where a 20 foot shoulder 
was present. 
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Figure 4.12: Number of crashes versus shoulder width 
Driveway proximity to the intersection was next examined. For the research, 
driveways within 275 feet of the stop bar on an approach were considered to be within the 
functional area of the intersection. Subsequently, the distance to the centerline of these 
driveways was measured. 
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Figure 4.13: Number of crashes versus driveway presence 
Examination of the number of crashes versus roadway lighting revealed that more 
crashes occurred at sites where lighting was present than those without lighting. This was 
logical as many of the sites were within urban areas where lighting is more prevalent. 
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Figure 4.14: Number of crashes versus lighting presence 
In examining crashes versus the left turn signal phasing scheme employed, it became 
evident that cases where no approach was present (t-intersection) or a Split phase was 
employed would need to be combined with the predominant groups of phasing. Since Split 
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phases and T-intersections operated in a similar manner to Protected phases (e.g. they faced 
no opposing traffic movements), these two groups were added to the Protected category. 
No approach 
present 
Figure 4.15: Number of crashes versus left turn signal phasing scheme 
Examination of the number of crashes versus the minimum left turn green times for 
left turning movements showed that a high number of crashes occurred at sites with no time 
allocated to left turning movements (e.g. sites with permitted left turns). Aside from this 
observation, it was also evident that a number of crashes (approximately 400) occurred at 
sites where between 4 and 6 seconds of minimum green time were allocated to left turning 
movements. 
Minimum Left Turn Green 
Figure 4.16: Number of crashes versus minimum left turn green time (seconds) 
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The histogram of the number of crashes versus the maximum left turn green times for 
left turning movements showed the same trend observed previously for sites with no 
protected left turn phases. Aside from this observation, it is evident that most crashes are 
occurring where there are shorter maximum green times employed. However, this is to be 
expected, as longer green times dedicated solely to left turning movements are rare. The 
remaining crashes occurred at sites where longer left turning times were employed, but the 
scarcity of such sites is reflected by the low number of crashes observed. 
Maximum Left Turn Green 
Figure 4.17: Number of crashes versus maximum left turn green time (seconds) 
The number of crashes versus yellow clearance and all red times reveal that, aside 
from sites with no left turn lanes (those on the left of the histogram), the majority of crashes 
occurred at sites where between 4 to 7 seconds were allocated. This was expected, as times 
less than this are not employed based on established criteria. It is interesting to note the 
increasing trend in crashes occurring for timings of greater than 4.5 seconds. One would 
expect that longer yellow clearance and all red times would minimize crashes; however, this 
trend would suggest that as these periods increase, so too does the likelihood for drivers to 
assume they will have time to clear the intersection, regardless of their signal indication. 
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Figure 4.18: Number of crashes versus maximum left turn yellow clearance and all red 
time (seconds) 
Examination of the number of crashes versus the minimum through green time 
revealed that a high number of crashes occurred when approximately 9 to 10 seconds of 
green time were allocated. Aside from this, a good deal of variation was observed between 
the number of crashes and the minimum green time. 
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Figure 4.19: Number of crashes versus minimum through green time (seconds) 
The majority of crashes observed versus the maximum through green time showed 
that a high number of crashes occurred when approximately 20 seconds were allocated. 
After this point, a decreasing trend in crashes was observed overall. This is logical, as longer 
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maximum green times became increasingly less used beyond the 30 to 40 second threshold, 
as dictated by traffic volumes. 
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Figure 4.20: Number of crashes versus maximum through green time (seconds) 
Examination of the number of crashes versus the through yellow clearance and all red 
times showed that a high number of crashes were occurring at sites where approximately 6 
seconds were allocated. In general, fewer crashes were observed as the yellow and all red 
times increased beyond this point. This however may be a function of fewer sites having 
such long signal timings. 
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Figure 4.21 : Number of crashes versus maximum through yellow clearance and all red 
time (seconds) 
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Crashes occurred near four predominant land uses, as illustrated in the histogram 
below. The majority of crashes occurred near commercial and undeveloped land uses. This 
was tied to the nature of the study sites, which were located on the urban fringe in many 
areas. As a result, commercial and vacant land uses dominated the dataset. 
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Figure 4.22: Number of crashes versus land use 
Examination of the number of crashes versus the seconds of delay incurred by 
vehicles on approaches showed that in most cases crashes occurred at sites where delay was 
less than 90 seconds. This was expected, as the majority of study sites did not experience 
severe operational problems. The histogram did reveal one outlying data point where delay 
exceeded 800 seconds. This point was checked and determined to indeed be accurate. 
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Figure 4.23: Number of crashes versus seconds of delay 
Examination of the number of crashes versus Level of Service found that the highest 
frequency of crashes occurred at LOS B. This is not surprising as at this LOS, as well as 
LOS A and C, vehicles have more freedom of operation (as opposed to being in stop and go 
conditions). As LOS degrades and vehicles have less operational freedom, crashes tend to 
decrease. 
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Figure 4.24: Number of crashes versus seconds of Level of Service 
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Prediction by Movement and Severity 
Given the selection of the ZIP model form, a base model was developed which 
predicts the frequency of crashes by a specific movement on the intersection approach. 
Specifically, this model predicts the expected number of crashes which would occur over a 
three year period for left turn, through and right turn movements. The model also predicts 
the expected number of crashes by severity. The severity of crashes is of interest since more 
emphasis is usually placed on reducing injuries than property damage. 
Given the different countermeasures available for treating operational and safety 
problems, a number of variables were of interest in predicting the expected crashes given a 
change. The model developed reflects this, allowing for multiple variable changes to be 
incorporated when implementing countermeasures. The developed model was of the form: 
f/Wm ^ fwCUyw» ), Û'd , ~ j ^ 7 - A ' ^  [Mjklm ~ jklm ' AlJ1 jk J 11 ^  jklm U 
i o g ( & J +  A . ™ , ,  +  
PimDRVjk + PimLITjk + P9mSCH2jU + fl]0mSCH3jkl + /3UmMINLTjkl + 
As mLU^jk + P\9mLU2jk + PwmLU^jk + fill mLU4jk + P 22m LU 5 jk + PlZm^^jk + PumAPPR^jk + 
PlSm^PPRl j k  + P 26m APPRljk + P2 l„Mh + PlUm^^l + Zf ' , 
Where: 
log(A/tim ) : Crash frequency (the log transformation constricts results to non-negative 
values) 
j: jth Site (j=l,...,85) 
k: kth Appr (k=l,2,3 for T-shaped, and k=T,2,3,4 for X-shaped) 
1:1th Movement (1 :left turn, 2: through, 3: right turn) 
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m: mth level of Severity (1:MAJ, 2:MIN, 3:POS, 4:PDO) 
Yjklm : Number of crashes at Site j Appr k, Movement 1, Severity m 
SPDjk : Speed limit on approach 
OPPSPDjk : Speed limit on opposing approach 
LFLNG jkl : Length of left turn lane (0 if no lane present) 
RHLNGjkl : Length of right turn lane (0 if no lane present) 
MWIDjk : Width of median (0 if none present) 
DRVjk : Distance of driveway on the approach from the intersection (0 if no driveway 
or approach present) 
LITjk : Streetlight present (0 if none, 1 if present) 
SCH2 jkl - SCH3jkl : Dummies for signalization scheme for left turns (Base level: 
SCH at level 1 (permitted)) 
MlNLTjkl : Minimum length of left turn signal (if protected or protected - permitted 
scheme) 
MAXLTjkl : Maximum length of left turn signal (if protected or protected - permitted 
scheme) 
MINTHUjkl : Minimum green time for thru movement 
MAXTHUjkl : Maximum green time for thru movement 
LYRjkl : Yellow and all red time for left turns (if protected or protected - permitted 
scheme) 
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TYRjkl : Yellow and all red time for thru movements 
DELYjk : Approach delay (in seconds) 
LU\jk-LU5jk : Dummies for land use on the approach (Base level: LU at level 6) 
LOSjk : Approach level of service 
APPR\jk - APPR3jk : Dummies for approach (1: East, 2:South, 3:West, Base level: 
North) 
M\,-M2l  : Dummies for movement (1 : Left turn, 2: Through, Base level: Right turn) 
And the priors for the model: 
idj  ~ Norm(0,crz),i.i.d, j=l,..,85;r = l/cr ~ Gamma(0.01,0.0\) ; 
Py ~ Norm{fij, a] ), independent of each other, i = 1,.. .,28, j=l ,2,3,4; 
~ Norm(0,1000),i.i.d \xi  = 1/crj  ~ Gamma(0.0\,0.0\),i.i.d ; 
and log it{6) = 5,5- Norm{0,100). 
In the above presentation of the priors, idj represents a variable for the random effect 
on sites. Its inclusion was based on the concern that the sites could be very difference from 
one another, even after adjusting for other causal effects (like traffic regulations) in the 
model, T is 1 over square root of variance, or the precision (the commonly-used term for the 
Normal distribution in Bayesian statistics). Finally, log it is a logistic transformation, 
transforming 6  (0<<9<1) into { 9 )  =  log ^ . It should also be noted that: 
1 — 0 
The density function of X ~ Gamma{a,/3) distribution was: 
^°"e"",forX = x>0; 
r(a) 
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LFLNGjkI ,SCH2 jkl- SCH3 jkl, MINLTjkl, MAXLTjkl LYRjkl were only used when a 
left turn lane at Site j Appr k was present, (i.e. for 1th movement =1); 
TYRjkI was only used when a through lane at Site j Appr k was present (i.e. for 1th 
movement = 2); 
RHLNGjkl was only used when a right turn lane at Site j Appr k was present (i.e. for 
1th movement = 3); 
MINTHUjkl and MAXTHUjkl were imposed for all lanes at Site j Appr k except left 
lane with level of Scheme equal to 3 (protected/permitted); and 
All the other features were imposed for all lanes at Site j Appr k. 
From the results of the model above, it was found that the two chains for 6 were very 
slow to achieve convergence. After running many iterations, the 0 still was not an 
approximate normal distribution. Rather, it resembled a zero truncated normal distribution. 
From this result, we can determine an informative prior for 0, or use an informative prior 
coming from data for 9. Given this, the model form remained the same; however the priors 
for the model changed: 
id j ~ Norm(0,a2 ), i.i.d, j=l ,..,85; r = 1/cr ~ Gamma(0.0l,0.0Y) ; 
fiy ~ Norm(j3i,af ), independent of each other, i=l,...,23, j=l,2,3,4; 
(3i ~ Norm(0,l000), i.i.d ;rj  =1/(7,. ~ Gamma(0.0\,0.01),i.i.d ; and 6 ~ Beta{0.2,1.8), 
which were developed from the results from the first model run. 
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Estimation of Model Using BUGS 
In order to generate draws (samples) for each parameter /? from the proposed model, 
WinBUGS, a public domain software package commonly used in Bayesian analysis, was 
used to run simulations. WinBUGS implements the Gibbs-sampler to draw values of 
parameters from their posterior distributions. These draws can be used for inference. The 
package applies the Markov chain Monte Carlo method by using simulations to produce the 
inference for parameters. During the iteration procedure, the draws first must converge to 
their stationary distribution and, following this convergence, it is desirable that draws be 
independent. Convergence was determined by examining the Gelman-Rubin (G-R) statistic 
while the Autocorrelation statistic established whether correlation existed between the 
iterations. 
The first model, run in WinBUGS using the study site data, was thinned by 100 and 
burned in at 7001, with sample size equal to 1000. From the G-R and Autocorrelation 
statistics it was found that the two chains run for all of the parameters converged, with the 
exception of 9 and ô . For#, it was found to be near 0.05, or the posterior mean 
value/expectation. However, the chains for 9 did not converge; to address this, the 
informative prior for 9 as generated by the first model run was used in a second model run. 
This prior was given as 5eta(0.2,1.8). 
The second model run in WinBUGS, whose code is presented in Appendix C, was 
thinned by 72 and burned in at 5001, with the sample size equal to 1000. From the results of 
G-R and Autocorrelation statistics (presented in Appendix D), it was concluded that the two 
chains converged and the correlation between iterations disappeared quickly. Also, from the 
results of the kernel density plots produced by WinBUGs (Appendix D), the density 
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functions of the parameters appear to have a bell-shaped curve. This implied that the 
approximate distributions for the parameters were normally distributed. 
Model Diagnostics 
Model diagnostics were performed to check whether the model fits our data. To 
accomplish this, we carried out posterior predictive checks and calculated Bayesian p-values. 
Bayesian p-values are Bayesian equivalent of classical p-values, but are interpreted 
differently as we explain below (113). The process for model checking involves the 
generation of replications of the sample from the posterior and calculating the value of 
selected sample summaries, the observing the behavior of sample summaries over repeated 
sampling. The idea is that the data generated from the model must look like the observed 
data (114). Posterior predictive p-values are computed as: 
p-value = Pr(T(yrep, 6 )  >  T(y, 6 )  | y) 
Where: 
T(/ep, 6 )  = the value of the sample summary T in a replicated dataset and for 
a given value of model parameters; and 
T(y, 6) = the value of the summary in the original sample. 
If the summary statistic T does not depend on the model parameters, then a single 
value of T will be computed from the original sample, but a distribution of values of T will 
arise from the replication, since each replicated sample will result in a different T. In this 
case, we would compare the value of T obtained from the sample to the set of values of T 
obtained from the replicated datasets to decide whether the replicated datasets look like the 
original set, at least in regards to T. An example summary statistic that does not depend on 
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the model parameters is the range of observation values, in which case T is simply the 
difference between the largest and the smallest observation in the original sample and in each 
of the replicated samples. 
When T depends on model parameters, we calculate a distribution of values of T in 
the original sample, because since we do not know the true values of the parameters, we need 
to sample a set of parameter values from the posterior distribution. Therefore, given the 
original sample, we obtain one value of T for each draw of the parameters. Again, we 
calculate a distribution of values of T in the replicated samples. In this case, the distribution 
arises not only because we have several replicated samples, but also because the parameter 
values (drawn from the posterior) vary across the replicated samples. An example of a 
summary statistic T that depends on model parameters is the coefficient of variation, or CV, 
computed as the standard deviation divided by the mean. 
In evaluating p-values, tail area probabilities which are not too large or small are 
desired. Ideally, the posterior predictive p-value would be 0.5, as this test quantity falls in 
the middle of the distribution of T in the replicated samples (114). 
The process of computing the p-values began by generating pairs of /3's for all 
parameters. To accomplish this, the two chains of draws generated by WinBUGs were used, 
with 500 observations retained from each. These observations were subsequently used to 
generate 200 pairs of j8's (100 from each chain). This was done by keeping the 1st, 6th, 
11th.. ,496th observation from each chain, and then combining the 100 observations in each 
chain to produce the 200 pairs of /3's. 
Next, we construct a mean value of Poisson distribution for each pair of /3's for each 
site by approach by movement by severity. Following this, one random crash number is 
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generated for each constructed mean value. The resulting 200 generated datasets constitute 
our replicate samples. We are then able to compute the p-value as follows: 
p-value= # (random crash number > observed value) / 200 
Where: 
# = "the total number of'; and 
200 = the total number of simulations run. 
In other words, the Bayesian p-value at each site by approach by movement by severity is 
equal to the total number of simulations which have a random crash number generated by the 
simulations larger than the observed value at this site by approach by movement by severity 
divided by the total number of simulations generated for this site by approach by movement 
by severity. 
To illustrate this, consider the results of study site 1128 (Maquoketa Drive and U.S. 
151 in Dubuque) for the North approach (L=left turn, T = through movement, R = right turn): 
Table 4.4: P-value results, site 1128, North approach by movement by severity 
Movement Observed 
and Severity Crashes P-Value 
LMAJ 0 0.005 
LMIN 0 0.055 
LPOS 0 0.055 
LPDO 0 0.305 
TMAJ 0 0.010 
TMIN 0 0.095 
TPOS 0 0.210 
TPDO 1 0.135 
RMAJ 0 0.000 
RMIN 0 0.010 
RPOS 0 0.010 
RPDO 0 0.105 
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In examining these results, we would like to see a p-value which is between 0.05 and 0.95. 
As is evidenced in Table 4.5 the simulation results for site 1128 produced some extreme 
values (highlighted in bold). This stems from the nature of our crash data, which takes on 
low, non-negative integer values. In addition, the crash data available for this research was 
sparse and most models will have difficulty predicting low numbers of crashes at the site by 
movement by approach by severity level. 
To address these issues, the p-value was examined at a higher level (e.g. site by 
approach by movement, adding over all severities). Given that X~Poi(a) and Y~Poi(b) can 
be modified to X+Y~Poi(a+b), the Poisson mean values at the site by approach by movement 
by severity level were summed over the severities to produce Poisson mean values at the site 
by approach by movement level. Following this, a random crash number for each 
constructed mean value was again generated and the p-value computed. Once again 
examining the results for the North approach of site 1128, we find: 
Table 4.5: P-value results, site 1128, North approach, by movement 
Observed 
Movement Crashes P-Value 
Left 0 0.345 
Through 1 0.240 
Right 0 0.150 
From these results, we observe no extreme p-values (e.g. all values are between 0.05 and 
0.95), which was the desired result. 
Given the results of the previous evaluation, additional observations were examined 
at the site by approach by movement level. However, the large number of observations to 
examine at this level were still prohibitive; therefore, ten sites were selected at random for 
further examination. P-values were computed for all approaches and movements at these 
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sites. Also presented are the mean, variance, 2.5% quantile, median and 97.5% quantitle of 
the simulated Poisson mean values at the site by approach by movement level. The results 
were as follows: 
Table 4.6: P-value results, by site, approach and movement 
Movement Site Approach 
Observed 
Crashes p-value Mean Variance 
2.5% 
quantile Median 
97.5% 
quantile 
Left 1096 East 0 0.320 0.400 0.038 0 0.011 0.064 
Through 1096 East 1 0.540 2.035 0.680 0 0.029 0.094 
Right 1096 East 0 0.240 0.241 0.010 0 0.086 0.273 
Left 1096 South 0 0.030 0.033 0.000 0 0.000 0.001 
Through 1096 South 0 0.055 0.075 0.001 0 0.003 0.010 
Right 1096 South 0 0.010 0.010 0.000 0 0.003 0.009 
Left 1096 West 0 0.300 0.361 0.018 0 0.011 0.055 
Through 1096 West 2 0.355 2.220 0.832 0 0.040 0.139 
Right 1096 West 2 0.000 0.274 0.014 0 0.039 0.117 
Left 1096 North 0 0.300 0.359 0.018 0 0.005 0.025 
Through 1096 North 1 0.175 0.854 0.111 0 0.049 0.156 
Right 1096 North 0 0.110 0.112 0.002 0 0.044 0.109 
Left 1091 East 0 0.725 1.501 0.393 0 0.047 0.163 
Through 1091 East 3 0.245 2.606 1.120 0 0.171 0.558 
Right 1091 East 1 0.050 0.413 0.034 0 0.199 0.535 
Left 1091 South 0 0.265 0.314 0.019 0 0.001 0.017 
Through 1091 South 1 0.090 0.560 0.059 0 0.038 0.158 
Right 1091 South 0 0.060 0.074 0.001 0 0.035 0.109 
Left 1091 West 0 0.745 1.624 0.414 0 0.045 0.141 
Through 1091 West 2 0.450 2.896 1.260 0 0.180 0.579 
Right 1091 West 1 0.070 0.454 0.039 0 0.263 0.741 
Left 1091 North 0 0.785 1.853 0.634 0 0.008 0.089 
Through 1091 North 0 0.885 3.116 1.930 0 0.317 1.125 
Right 1091 North 0 0.345 0.420 0.039 0 0.181 0.580 
Left 1001 East 0 0.745 1.297 0.213 0 0.020 0.094 
Through 1001 East 1 0.765 3.279 1.300 0 0.197 0.491 
Right 1001 East 1 0.065 0.411 0.024 0 0.222 0.499 
Left 1001 South 0 0.355 0.490 0.048 0 0.004 0.023 
Through 1001 South 0 0.665 1.339 0.272 0 0.066 0.239 
Right 1001 South 1 0.030 0.210 0.008 0 0.028 0.070 
Left 1001 West 1 0.435 1.483 0.372 0 0.030 0.120 
Through 1001 West 4 0.210 2.973 1.230 0 0.149 0.517 
Right 1001 West 0 0.335 0.378 0.023 0 0.199 0.547 
Left 1001 North 0 0.015 0.010 0.000 0 0.000 0.000 
Through 1001 North 0 0.015 0.024 0.000 0 0.002 0.006 
Right 1001 North 0 0.000 0.003 0.000 0 0.001 0.003 
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Table 4.6 cont'd: P-value results, by site, approach and movement 
Movement Site Approach 
Observed 
Crashes p-value Mean Variance 
2.5% 
quantile Median 
97.5% 
quantile 
Left 1057 East 0 0.570 0.903 0.159 0 0.008 0.039 
Through 1057 East 0 0.800 2.023 0.576 0 0.196 0.630 
Right 1057 East 0 0.240 0.265 0.013 0 0.158 0.451 
Left 1057 South 1 0.195 0.737 0.133 0 0.001 0.021 
Through 1057 South 10 0.015 4.700 3.470 0 0.072 0.221 
Right 1057 South 1 0.250 0.915 0.206 0 0.046 0.161 
Left 1057 West 3 0.000 0.276 0.019 0 0.000 0.006 
Through 1057 West 4 0.030 1.662 0.506 0 0.020 0.079 
Right 1057 West 1 0.185 0.797 0.196 0 0.009 0.040 
Left 1057 North 0 0.690 1.370 0.578 0 0.006 0.091 
Through 1057 North 6 0.390 6.031 5.460 0 0.187 0.682 
Right 1057 North 0 0.520 0.796 0.137 0 0.187 0.773 
Left 1068 East 1 0.075 0.460 0.049 0 0.004 0.020 
Through 1068 East 2 0.075 0.974 0.193 0 0.089 0.275 
Right 1068 East 0 0.135 0.132 0.004 0 0.046 0.143 
Left 1068 South 3 0.030 0.909 0.128 0 0.023 0.092 
Through 1068 South 0 0.830 2.133 0.592 0 0.165 0.436 
Right 1068 South 0 0.290 0.343 0.022 0 0.095 0.236 
Left 1068 West 0 0.330 0.396 0.028 0 0.001 0.010 
Through 1068 West 2 0.070 0.942 0.144 0 0.053 0.157 
Right 1068 West 0 0.120 0.125 0.003 0 0.046 0.126 
Left 1068 North 0 0.400 0.572 0.093 0 0.015 0.054 
Through 1068 North 8 0.010 2.937 1.340 0 0.082 0.270 
Right 1068 North 2 0.005 0.390 0.027 0 0.065 0.223 
Left 553 East 0 0.530 0.818 0.109 0 0.006 0.038 
Through 553 East 7 0.105 4.395 2.590 0 0.090 0.279 
Right 553 East 0 0.435 0.579 0.055 0 0.065 0.241 
Left 553 South 0 0.235 0.284 0.014 0 0.000 0.006 
Through 553 South 1 0.435 1.879 0.556 0 0.024 0.094 
Right 553 South 1 0.030 0.248 0.012 0 0.013 0.049 
Left 553 West 0 0.515 0.783 0.101 0 0.007 0.042 
Through 553 West 3 0.540 4.392 1.910 0 0.080 0.276 
Right 553 West 0 0.435 0.547 0.039 0 0.101 0.381 
Left 553 North 0 0.235 0.250 0.008 0 0.001 0.008 
Through 553 North 5 0.020 1.860 0.326 0 0.030 0.095 
Right 553 North 1 0.035 0.241 0.008 0 0.014 0.044 
Left 565 East 0 0.735 1.563 0.497 0 0.009 0.076 
Through 565 East 7 0.225 5.427 4.360 0 0.164 0.656 
Right 565 East 0 0.680 1.148 0.292 0 0.099 0.279 
Left 565 South 1 0.400 1.441 0.560 0 0.014 0.154 
Through 565 South 0 0.860 2.942 1.920 0 0.113 0.806 
Right 565 South 1 0.120 0.498 0.065 0 0.062 0.264 
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Table 4.6 cont'd: P-value results, by site, approach and movement 
Movement Site Approach 
Observed 
Crashes p-value Mean Variance 
2.5% 
quantile Median 
97.5% 
quantile 
Left 565 West 3 0.730 5.859 8.840 0 0.139 1.452 
Through 565 West 2 0.960 10.836 22.100 0 0.720 3.325 
Right 565 West 0 0.775 1.365 0.352 0 0.640 2.449 
Left 1014 East 0 0.600 0.929 0.170 0 0.002 0.038 
Through 1014 East 0 0.895 3.041 2.060 0 0.063 0.328 
Right 1014 East 0 0.395 0.523 0.072 0 0.066 0.238 
Left 1014 South 0 0.245 0.313 0.016 0 0.001 0.005 
Through 1014 South 0 0.515 0.936 0.147 0 0.035 0.128 
Right 1014 South 0 0.105 0.123 0.003 0 0.024 0.060 
Left 1014 West 0 0.845 2.442 2.540 0 0.049 0.725 
Through 1014 West 3 0.625 5.000 6.330 0 0.236 1.510 
Right 1014 West 0 0.670 1.186 0.433 0 0.297 1.481 
Left 1014 North 0 0.235 0.300 0.016 0 0.001 0.010 
Through 1014 North 0 0.480 0.887 0.163 0 0.019 0.078 
Right 1014 North 0 0.115 0.138 0.004 0 0.018 0.054 
Left 669 East 0 0.205 0.199 0.015 0 0.002 0.010 
Through 669 East 3 0.035 1.185 0.258 0 0.017 0.074 
Right 669 East 0 0.145 0.162 0.007 0 0.030 0.098 
Left 669 South 1 0.095 0.560 0.119 0 0.006 0.034 
Through 669 South 2 0.130 1.385 0.369 0 0.062 0.216 
Right 669 South 4 0.000 0.189 0.010 0 0.037 0.110 
Left 669 West 1 0.005 0.100 0.004 0 0.002 0.012 
Through 669 West 2 0.015 0.599 0.069 0 0.012 0.046 
Right 669 West 0 0.075 0.086 0.002 0 0.007 0.028 
Left 669 North 0 0.220 0.252 0.022 0 0.003 0.018 
Through 669 North 4 0.000 0.625 0.077 0 0.034 0.110 
Right 669 North 0 0.120 0.134 0.005 0 0.022 0.064 
Left 1045 East 0 0.440 0.554 0.046 0 0.010 0.075 
Through 1045 East 5 0.100 3.038 1.080 0 0.060 0.211 
Right 1045 East 1 0.065 0.411 0.028 0 0.027 0.082 
Left 1045 South 1 0.275 1.077 0.268 0 0.010 0.142 
Through 1045 South 1 0.825 4.444 4.400 0 0.057 0.331 
Right 1045 South 1 0.630 2.437 2.010 0 0.025 0.123 
Left 1045 West 1 0.355 1.265 0.265 0 0.008 0.105 
Through 1045 West 6 0.420 6.546 6.030 0 0.125 0.519 
Right 1045 West 0 0.570 0.847 0.130 0 0.123 0.642 
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In terms of extreme p-values, the following summarizes the Table 4.7: 
Table 4.7: Summary of p-values 
p-value > p-value > p-value < p-value < 
0.975 0.95 0.05 0.025 
# out of 200 
pairs 0 1 21 14 
As seen, only 22 of the 114 observed p-values for the approaches examined fell 
outside of the 0.05 and 0.95 range. Furthermore, only 14 of the 114 observed p-values fell 
outside of the 0.025 and 0.975 range. Given that the majority of the observed p-values were 
neither excessively high nor low, we can conclude that the simulation results are acceptable. 
This demonstrates that the model which was developed appears to fit the data reasonably 
well, at least in the sense that it produces plausible predictions at the site by approach by 
movement level when we add across all severities. 
There are criticisms against the use of p-values for model checking. First, they are 
sometimes viewed as being too conservative because the data employed gets used twice 
(114). Some Bayesians object to such tests because of their frequentist slant of using 
unobserved data. There is also some questioning with regard to what is considered to be too 
high or low if the posterior predictive p-values are not uniform (114). 
Discussion of Results 
Table 4.8 presents the results from the second model. Given the multitude of /? 's in 
the model, only those which were significant are presented. In Bayesian analysis, it is 
customary to conclude that a parameter is significant if the 95% credible set for that 
parameter does not cover zero. The significant parameters of the model were: 
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Table 4.8: Second model results (significant parameters only) 
node Variable/S everity mean sd 2.50% median 97.50% 
A,i Intercept, MAJ -13.720 1.369 -16.380 -13.680 -11.260 
A.7. Intercept, MIN -9.414 0.811 -10.940 -9.449 -7.698 
A, Intercept, POS -11.150 0.647 -12.420 -11.140 -9.932 
A.4 Intercept, PDO -8.689 0.446 -9.513 -8.702 -7.779 
A, Speed Limit, MIN -0.079 0.020 -0.121 -0.079 -0.040 
A, Speed Limit, POS -0.050 0.017 -0.081 -0.050 -0.017 
Az.4 Speed Limit, PDO -0.035 0.010 -0.054 -0.035 -0.016 
A? Opposing Speed, MIN 0.034 0.017 0.001 0.033 0.066 
P3.3 Opposing Speed, Pos 0.034 0.014 0.008 0.034 0.062 
A,2 RT Length, MIN -0.019 0.013 -0.053 -0.016 -0.002 
Ai 4 RT Length, PDO 0.002 0.001 0.001 0.002 0.003 
A,3 Median Width, POS -0.017 0.008 -0.032 -0.016 -0.002 
An,  PM+PT Scheme, MAJ -1.232 0.560 -2.620 -1.156 -0.335 
Al0.2 PM+PT Scheme, MIN -1.170 0.420 -2.128 -1.149 -0.418 
An.i PM+PT Scheme, POS -1.176 0.413 -2.055 -1.140 -0.440 
AlO.4 PM+PT Scheme, PDO -1.002 0.282 -1.548 -1.004 -0.465 
A,41 Max Green Thru, POS 0.020 0.008 0.003 0.019 0.037 
A, 4 Undeveloped, PDO -0.450 0.188 -0.809 -0.452 -0.090 
A27.2 Left Turn, MIN 1.339 0.526 0.387 1.298 2.483 
A27.3 Left Turn, POS 1.136 0.504 0.047 1.146 2.079 
A27.4 Left Turn, PDO 1.056 0.394 0.276 1.066 1.814 
A28.1 Thru, MAJ 2.180 0.375 1.580 2.132 3.095 
A28.2 Thru, MIN 1.857 0.271 1.307 1.870 2.391 
A28.3 Thru, POS 2.243 0.258 1.815 2.214 2.798 
A28.4 Thru, PDO 1.900 0.141 1.622 1.898 2.187 
A Intercept, Total -10.830 2.182 -15.120 -10.750 -6.950 
Ao Max Green LT, Total -1.143 0.448 -2.127 -1.119 -0.412 
Az? LT Movements, Total 1.145 0.541 0.157 1.165 2.124 
A:» Thru Movements, Total 2.044 0.318 1.522 2.037 2.725 
6> 0.064 0.031 0.001 0.066 0.122 
The above results show that 9 was significant, indicating that the zero-inflated 
Poisson model was reasonable for this work. In addition, s and A s, SPD (approach speed 
limit), OPPSPD (opposing approach speed limit), RHLNG (right turn lane length), 
MAXTHRU (maximum green time for the through movement), MWID (median width), LU5 
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(vacant land) and Ml (left turn movement) all had an effect on the number of crashes per site 
per approach at different levels of severity. SCH3 (protected/permitted phasing) and M2 
(through movement) had an effect on crashes at all types of severities. SCH3 
(protected/permitted phasing) and all movements had an effect on the overall number of 
crashes per site per approach when not broken down by severity. The following sections 
discuss the particular effect (positive - increased crashes, or negative - decreased crashes) 
which each variable had on crashes. 
The approach speed limit had a negative effect on minor, possible and property 
damage only crashes, and no effect on overall crashes. This indicates that a higher speed 
limit may reduce the number of crashes at lower levels of severity. However, the approach 
speed limit had no effect on major injury crashes or the overall number of crashes. These are 
not intuitive results, as one might expect the severity of crashes to become worse as speed 
limits rose. One possible explanation for these findings may be the predominance of sites 
with 45 mph speed limits compared to those with lower limits. This is the direct result of the 
small sample of intersections used in the research. 
The speed limit on opposing approaches was found to have a positive effect on 
crashes at the minor and possible injury levels. This indicated that, for higher speed limits on 
the opposing approach, a higher number of minor and possible injury crashes are likely. 
However, opposing speed limits had no effect on the other levels of severity and overall 
crashes. These findings may once again be explained by the predominance of sites with 45 
mph speed limits. Such speed limits were more likely to have been present at sites where left 
turning crashes were prevalent. In such cases, it is possible that misjudgments in gap, 
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coupled with slow left turning vehicles, may have led to increased crashes at the levels found 
to be significant. 
Right turn lane length (when such a lane was present) had a negative effect on crashes 
at the minor injury level and a positive effect on crashes at PDO severity level. The length of 
right turn lanes had no effect on the overall number of crashes occurring. The decrease in 
minor crashes was likely the elimination of right turning movements from the through traffic 
stream. Conversely, the increase of PDO crashes when a right turn lane's length increases is 
likely the result of queued right turning vehicles being present in the lane. In other words, in 
order to justify the presence of a lengthy right turn lane, significant turning volumes must be 
present. When such a volume is present, it is likely a queue will form at some point during 
the cycle, presenting the opportunity for read end crashes to occur at the PDO level. Of 
course, the low number of observed right turn lanes present at the study sites was more likely 
to have influenced these results. 
Median width was found to have a negative effect on crashes at the Possible severity 
level, but no effect on other severities of crashes or overall crashes. This indicates that, the 
wider a median was, the lower the number of possible injury crashes occurring. This is likely 
a result of the lower number of study sites with wide medians. The majority of sites included 
in this research had either no median or a median less than 10 feet in width. As a result, the 
potential for crashes decreased as median width increased. 
The maximum green time for through movements was found to have a positive effect 
on crashes at possible injury level, but no effect on other severities of crashes and overall 
crashes. This means the longer the green signal time was for through moving vehicles, the 
higher the number of crashes of possible injury. One explanation for this may once again be 
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the smaller sample size of intersections with excessively long maximum green times. A 
predominance of possible injury crashes occurring at these few sites may have had an 
influence on the model results at this level of severity. 
Before explaining the findings related to the signal scheme, land use and movement 
type, it is necessary to provide an explanation of dummy variables, as these variables were 
such. For a set of dummy variables, like land uses LUI - LU5, one level was set as the 
default level (ex. LU6), with the other variables compared to it. For example, if the estimate 
of the parameter LUI (commercial business) at a certain level of severity was not significant 
or significantly positive/negative, then the explanation for this parameter was that the value 
of response variable (log "the number of crashes at a certain level of severity") was not 
significantly different or was significantly higher/lower from LU6 (public land use). 
Also, the variables LU1-LU5 could be compared to one another. For example, if the 
estimate of parameter of LUI at a certain level of severity was significantly positive (ex. a 
value of 0.6), and the estimate of parameter of LU3 at a certain level of severity is 
significantly positive (ex. a value 0.4), we can make a direct comparison. Since 0.6 > 0.4, it 
can be explained that the number of crashes at this certain level of severity for LUI is higher 
than for LU3. This was the significantly positive-significantly positive case, and was the 
same for significantly positive-significantly negative, significantly negative-significantly 
negative, and significantly negative-significantly positive cases. Furthermore, from this 
example, if LUI was significant and LU3 was not, to compare LUI and LU3 would be the 
same as comparing LUI and LU6, since now LU3 was not significantly different from LU6. 
For phasing scheme, only the protected-permitted scheme reduced the number of 
crashes at all levels of severity and on the overall number of crashes. Since SCH2-SCH3 
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was a set of dummies while SCH1 (permitted) was set as the default, the results mean that the 
effects of permitted and protected schemes on the number of crashes at all levels and overall 
are quite similar. When compared to permitted and protected, the protected-permitted 
scheme had a lower number of crashes at all severity levels and overall. This would indicate 
that the protected-permitted scheme was effective in reducing crashes, possibly because left 
turning vehicles are protected in their movements but also allowed to make such movements 
when the opportunity presents itself. This combination provides drivers with the assurance 
that they will be able to complete their movement in a somewhat timely manner, potentially 
reducing/eliminating the risks drivers are willing to take. 
Undeveloped Land Use (LU5) had a negative effect on crashes at the property 
damage only level of severity. Given that LU1-LU5 was a set of dummies for land use, with 
LU6 set as the default, these dummies were compared to LU6. Results indicated that LUI 
(commercial), LU2 (industrial), LU3 (residential) and LU4 (recreational) were not very 
different from LU6 (public). However the number of crashes at the PDO level for LU5 was 
lower than that of LU6. Still, the overall number of crashes and crashes at other levels of 
severity for LU5 were not significant, indicating that those types of crashes for LU5 are 
similar to those for LU6. It was surprising that this undeveloped land use did not have a 
negative effect on all levels of severity; however, given the low number of sites included in 
this research and the high number of PDO crashes which were observed, this result is still 
sensible. The low number of recreational, public, residential and industrial sites may have 
had some influence on this result. 
Left turn movements (Ml) increased overall crashes and all levels of severities except 
the major injury level. The lack of significance at the major level is likely the result of a lack 
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of crashes of major severity occurring for left turn movements (again, the function of the 
small number of sites used in this research.). M2 (through movement) increased overall 
crashes and crashes at all levels of severities. However, left turns and through movements 
were dummies in a set of movements, which set right turn as the default for comparison. 
When this comparison was made, the effect of left and right turns on major injury crashes 
were found to be similar, while through movement had a higher number of crashes at this 
severity level. At other severity levels and overall, left turn crashes were lower than through 
movement crashes and higher than right turn crashes. 
Expected Number of Crashes 
To determine the expected number of crashes, one must simply adjust the covariates 
of interest. This produces predictive results which facilitate the safety analysis portion of this 
research. By interpreting the probabilities of the distributions and /? values, we can 
determine which variables might reduce crashes at an intersection. The results of this 
application will be presented in Chapter 5. 
The expected values of crashes given a set of safety or operational changes were 
drawn from the posterior distribution of the crash frequencies produced by the Bayesian 
analysis. The distributions represented the number of crashes that could be expected given 
the characteristics and volumes of an intersection. In this research, safety or operational 
changes made separate from one another (i.e. only safety or operational changes were made 
to a site, not both in combination) were of concern. However, multiple safety or operational 
improvements could be made in concert. This required that the posterior distribution of 
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multiple covariates p(/&,/& | data) be obtained. In doing so, we were able to assess (all other 
variables unchanged) how our combination of changes affected crash frequency and severity. 
Expected values were developed using the statistical software R. The code used to 
generate the expected crashes by severity is presented in Appendix E. The code developed 
utilized the iterations from the posterior distributions of the parameters in the second model 
generated by WinBUGs to produce the expected crashes given a set of variable changes 
entered for each intersection approach (based on the operational or safety improvements 
desired). The code was set up to allow multiple variable changes in combination with one 
another. This was done to facilitate the ultimate goal of this research; to assess the safety 
impacts of changes aimed at enhancing safety or operations. 
It must be noted that the variables which were changed in this research were not 
limited to those found to be significant as discussed in the previous sections of this chapter. 
The reason for the inclusion of changes to nonsignificant vari ables was twofold. First, some 
of the variables found to have a significant effect on crashes at different levels of severity 
could not be altered in reality. A prime example of this would be the case of the 
undeveloped land use having a negative effect on property damage only crashes. Even if we 
had a severe PDO crash problem at a location, we would never eliminate all of the 
development around that location to address our problem. Rather, we might look at 
strategies such as Access Management or signage to address the problem. 
Secondly, we must consider the context of our results. While some of the 
countermeasures employed in this research to improve safety or operations might not have 
been statistically significant individually, they may tell us something significant in terms of 
the expected crashes in combination. This inclusion of nonsignificant variables does not 
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reflect a lack of confidence in the developed model. Rather, it reflects the research intent of 
assessing the impacts of all available countermeasures. 
Conclusion 
This chapter has provided a brief overview of Bayesian theory, as well as an 
explanation of Empirical Bayesian versus hierarchical Bayesian methods. Also provided is a 
summary of the application of these methods to crash models and justification of their use in 
this research. The Zero-Inflated Poisson was introduced as the method by which an excess of 
zero crash occurrences on approaches could be accounted for in the modeling process. 
Development of the Zero-Inflated Poisson model was discussed, as was its 
specification within a hierarchical Bayesian framework. Bayesian analysis was facilitated by 
the software WinBUGS. Model diagnostics were performed to establish model confidence 
using Bayesian p-values. Only a limited number of p-values were found to fall outside of the 
found 0.05 and 0.95 and 0.025 and 0.975 thresholds. This demonstrates that the model which 
was developed appears to fit the data reasonably well, at least in the sense that it produces 
plausible predictions at the site by approach by movement level when we add across all 
severities. As such, we can be confident that the research results obtained from its use are 
reasonable. 
Results indicated that the approach speed limit, opposing approach speed limit, right 
turn lane length, maximum green time for the through movement, median width, 
undeveloped land and left turn movement all had an effect on number of crashes per site per 
approach at different levels of severity. Protected/permitted phasing and through movement 
had an effect on crashes at all types of severities. Protected/permitted phasing and all 
I l l  
movements had an effect on the overall number of crashes per site per approach when not 
broken down by severity. 
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Chapter 5: Analysis and Results 
Introduction 
Aside from the development of a prediction model for high-speed signalized 
intersections, a primary objective of this research is the development of a methodology by 
which the tradeoffs between operational and safety countermeasures can be assessed. The 
framework of this procedure was laid out in the Research Methodology section of Chapter 3. 
Presented in this chapter are the results found through the implementation of that 
methodology. 
Countermeasures 
The research utilized established countermeasures to simulate the impacts which they 
have on both operations and safety. A sample list of safety countermeasures can be found in 
Chapter Three. A full list of safety countermeasures can be found in Appendix F, while a 
full list of operational countermeasures can be found in Appendix G. The safety 
countermeasures simulated in this research were selected based on past findings with respect 
to accident modification factors (AMF's), as well as recommended treatments to address 
specific crash patterns. Operational improvements were selected based on recommended 
practice for addressing delay and queuing. 
In order to assess the impacts that countermeasures have on one another, a safety or 
operational change must be capable of being entered into both the safety model and Synchro 
to produce subsequent safety and operational measurements. For example, the addition of a 
left turn lane as a countermeasure can be entered into both the safety model and Synchro. 
Conversely, a change such as adding a shoulder can only be entered into the safety model; 
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Synchro possesses no mechanism to account for such a change. This limitation is the result 
of the lack of inclusion of such parameters by the HCM in calculating measures pertinent to 
determining LOS at intersections. Given this limitation, the countermeasures that can be 
employed (individually or in combination) for assessing tradeoffs include: 
• Retime signal (Optimize • Increase or decrease length 
cycle length) of amber 
• Provide/revise all-red time • Revise phasing sequence 
• Provide left turn phase (prot, • Provide channelization 
pt+pm) (left turn, right turn) 
• Increase or decrease median 
width 
In some cases, these countermeasures can be employed to address both safety and operational 
problems (e.g. channelization), while others are specific to operations (revise phasing 
sequence) or safety (provide/revise all-red time). 
Analysis Procedure 
Given the 85 study sites used in this research, it would have been difficult to test the 
tradeoffs between operations and safety of every potential countermeasure. Rather, a more 
logical and less time consuming approach was to select a number of sites which exhibited 
poor operational or safety performance. Sites found to have Level's of Service of E or F on 
one or more approach, or for the intersection as a whole, were used to assess what would 
happen to safety performance given simulated operational improvements. Similarly, sites 
with crash rates greater than 1.0 (per million entering vehicles) were used to assess what 
would happen to operational performance given simulated safety improvements. 
In examining the operational outputs from Synchro, 13 sites possessed one or more 
intersection approaches with an LOS E or F, based on peak hour volumes during the study 
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period. Safety sites were examined based on the crash rates computed from the crash history 
between 2001 and 2003. Out of the 85 study sites, 10 sites had an intersection average crash 
rate of greater than 1.0. These are the sites for which tradeoffs were analyzed. The specific 
operational and safety characteristics of the study sites will be presented for each individual 
location in the assessment portions of this chapter. 
For the purposes of this research, severity refers to the type of crash occurring (Major 
injury, Minor injury, Possible injury, Property Damage Only). When referring to a change in 
severity, for example, an increase in PDO crashes following a change indicates that the 
countermeasure employed resulted in an increase in such crashes compared to the previous 
three year study period. 
Benefit-Cost Procedure 
In order to obtain the full picture of the tradeoffs between safety and operational 
improvements, benefit-cost analysis was also performed. Such procedures are traditionally 
employed to show the extent to which an investment in a transportation project will result in 
a benefit to the investor. B/C ratios much greater than 1.0 are generally desired. 
Benefits and costs must be brought to commiserate time values. A common approach 
is to use equivalent uniform annual worth (EUAW), which can be computed as: 
EUAW = NPW (l + Q* -1 
Where: 
i = interest rate, expressed as a decimal, 
N = number of years, and 
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NPW = Net Present Worth. 
To compute the value of crashes, the difference between the crashes which occurred 
during the study period and the expected mean number of crashes predicted to occur given 
simulated countermeasures was computed for each severity type. Since these were computed 
in the research for three years, they were subsequently annualized. The following values 
were used to compute the total cost of crashes: 
• Major-$150,000; 
• Minor-$10,000; 
• Possible - $2,500; 
• PDO - $2,500 (115). 
To determine the value of delay, the difference between delay per vehicle (provided 
by Synchro) experienced during the study period and for the simulated improvement 
condition was computed for each approach. This difference was then multiplied by the 
number of vehicles using the approach to arrive at the total delay experienced per hour. This 
figure was converted to person hours of delay and then multiplied by $13.45, an assumed 
value of a person hour of time used by Schrank and Lomax (12). The result was the dollar 
value associated with an increase or decrease in delay per day. 
An example of this is seen on an approach which experienced 11 seconds of delay per 
vehicle during the study period and 26 seconds per vehicle under the simulated changes. The 
difference of 15 seconds per vehicle amounts to 8880 seconds of increased delay for the 592 
vehicles using this approach (2.47 person hours delay per day). When multiplied by the 
assumed value of time, the cost of added delay experienced by motorists each day is derived. 
Note that the benefit-cost analysis only takes into account the delay savings or losses 
for the peak hour. These operations are the most critical time period of the day and the 
impacts of countermeasures on this period were one of the focuses of this research. In order 
to assess the impacts for the entire day, movement counts by hour for the entire day would be 
required; however, these data were not available for this research. Furthermore, differences 
from site to site prevented the use of a universal expansion factor to estimate the financial 
impact on delay throughout the day. 
To determine the value of fuel saved or lost, the difference between gallons of fuel 
used on an approach (provided by Synchro) during the study period and for the simulated 
improvement condition was computed for each approach. This difference was then 
multiplied by $2.89, the national average price for one gallon of gasoline during the week of 
May 28th, 2006. The result was the value of the savings/loss of fuel as a result of the 
simulated changes. As was the case with delay, the impacts on fuel usage have only been 
analyzed for the peak hour. 
An example of this is shown by an intersection approach which saw 10 gallons of fuel 
used by entering vehicles during the study period and 8 gallons of fuel used under the 
simulated changes. The difference of 2 gallons is then multiplied by $2.89, resulting in a 
savings of $5.78 per day for the approach. When combined with the savings (or losses) on 
the other approaches of the intersection, the total savings/loss due to fuel usage per day is 
produced. 
The various changes simulated to improve safety or operations all have costs 
associated with them. Some costs may be small, such as that associated with determining 
new signal timings and entering them into the signal controller. Other costs may be large, 
such as that of the construction of a channelized turn lane. When these costs are summed, 
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they are compared to the sum of the benefits to determine whether a project is financially 
advisable. 
The costs associated with the simulated changes came from two sources. For 
countermeasures related to the signalisation of the intersection, the Southeast Michigan 
Council of Governments (SEMCOG) "Crash Analysis Manual" was consulted. This 
document contains a synthesis of costs related specifically to signal changes (timings, 
phasing changes, etc.). For the costs of adding infrastructure (channelized turn lanes), Iowa 
DOT estimates for such construction were used (116). A summary of the respective costs 
used for each improvement is presented below. 
• Retime Signal - $1,200 • Provide left turn phase - $1,750 
• Add right/left turn lane - $95,000 • Provide/revise yellow clearance or 
base cost plus: all red interval - $700 
o $23.59 per square yard, • New signal heads - $l,000/head 
PCC 
o $21.18 per square yard ACC 
(777, 77&) 
These are only average costs associated with the simulated countermeasures. The actual 
costs to implement a specific set of countermeasures will vary from site to site. 
Note that when multiple changes were made to a signal timing (for example, the all 
red timing was recomputed and the phasing changed), the higher cost was used as the cost of 
the improvement. This was because the lower cost improvement (e.g. recomputing the all 
red timing) would be made as part of the higher cost improvement (e.g. changing the signal 
phases). As a result, the lower cost improvement would have its cost rolled into that of the 
higher cost improvement. 
The benefit-cost analysis provided in this research is by no means comprehensive. A 
discount rate of 6% was employed. The saving/cost calculations do not account for items 
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such as maintenance or added electric costs which are required over time. In calculating the 
fuel savings (or losses), the national average cost of gasoline for the week of May 28, 2006 
was used. As this price fluctuates, so too will the B/C ratio. A life span for the accrued 
benefits of 20 years was employed, but it is likely that traffic volume changes during that 
lifetime will necessitate signal timing changes. 
In most cases, small reductions or increases in delay were observed. Such small 
changes would not have a noticeable impact on individual vehicles at an intersection. 
However, if such changes occurred throughout the system, then the benefits would accrue 
and become more important. Given that the changes being simulated in this research were 
only for individual sites, their impact on the system would be minimal and hence, the costs 
and savings associated with delay may not be reasonable. 
The costs utilized for the various countermeasures will also vary from location to 
location. This is particularly true with regard to the construction of channelized turn lanes. 
In some cases, more preparation (grading, etc.) will be required. The costs also do not 
account for cases where Right of Way acquisition will be required. 
Not all potential savings were included in the analysis. For example, the savings 
accrued from potentially faster emergency response (faster ambulance travel times, etc.) 
could not be quantified. However, the ability for such an improved response is a clear 
benefit. The value of emissions savings/losses also were not quantified, as doing so would 
have required analysis beyond the scope of this research. While the savings/losses accrued 
from emissions are not as critical outside of a non-attainment area, they would further help to 
provide the full benefit-cost picture. 
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Finally, the fuel and time or losses tend to dwarf the financial savings or losses 
accrued from expected changes in crashes. This may result in cases where the simulated 
countermeasures do not produce a condition where a project is beneficial, despite showing a 
safety improvement. In such cases, consideration must be given to the value to society of 
preventing the injuries and property damages of crashes compared to the value of saving each 
motorist a few seconds of travel time and a fraction of a gallon of fuel each day. 
Assessing Safety Tradeoffs 
In assessing the tradeoffs related to safety changes, we want to determine if 1) the 
change implemented to improve safety had the desired effect and 2) the impact of the safety 
change affected operations. In other words, would LOS improve or decline given the 
simulated safety countermeasure? The results presented throughout this chapter focus on the 
changes occurring to crash rates at intersections. Further information with respect to the 
number of crashes by movement and their severity for each intersection is provided in 
Appendix I (safety improvements) and Appendix K (operational improvements). The crash 
rates following safety or operational changes were calculated based on the model output of 
the total expected mean number of crashes for an approach. The following sections present 
the results obtained from four of the intersections analyzed for safety changes. The results 
for the remaining intersections analyzed may be found in Appendix H. 
N.E. 8&h Street and Iowa Highway 163 
The intersection of N.E. 80th Street and Iowa Highway 163 is located East of Pleasant 
Hill. Iowa 163 is a 4 lane, divided highway while N.E. 80th Street is a two lane undivided 
roadway. During the study period, both approaches of N.E. 80th Street experienced high 
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crash rates. The safety and operational characteristics of the intersection during the study 
period are presented in Table 5.1. As the crash rates in this table illustrate, the North and 
South approaches of the intersection experienced a significant safety performance problem. 
Table 5.1: N.E. 80th Street and Iowa Highway 163 characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
NE 80th Street SOUTH 11.70 B 
B 
4.48 
2.54 IA 163 EAST 20.20 C 0.70 
NE 80th Street NORTH 11.00 B 4.63 
IA 163 WEST 10.60 B 0.37 
Note: Approach refers to the leg of the intersection; e.g. the South approach serves Northbound movements. 
By examining the predominant crash types occurring at the intersection, three crash 
patterns became evident, including red light running (5), rear end (5) and left turn-related 
(11) crashes. The primary cause of the red light running and rear end crashes may be the red 
clearance intervals, which were 0 seconds for the North and South approaches. A wide cross 
section on Iowa 163 (approximately 150 feet) may have contributed to confusion among left 
turning vehicles, particularly on the North approach, leading toll such crashes (including 8 
related to vehicles on the North approach). These problems may have been compounded by 
the presence of younger, inexperienced drivers using the intersection due to its proximity to 
Southeast Polk High School to the Southeast of the intersection. 
To address these crash patterns, two countermeasures were evaluated using Synchro 
and the statistical model. First, the all red times were extended to 3.5 seconds, based on the 
appropriate ITE formula*. This produced a yellow change plus red clearance time of 7.1 
seconds, which was appropriate for clearing this wide intersection. Secondly, a split phase 
* Note that such calculations are rounded to the nearest half second 
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was implemented for the North and South approach lane groups. The intent of the split phase 
was to eliminate driver confusion caused by opposing vehicles when traversing the wide 
cross section of Iowa 163. Finally, to address the high number of left turn crashes on the 
West approach, the left turn phasing on Iowa 163 were changed from permitted to protected. 
The safety and operational characteristics of the intersection after these changes are presented 
in Table 5.2. 
Table 5.2: N.E. 80th Street and Iowa Highway 163 characteristics following safety 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
NE 80th Street SOUTH 31.50 C 
C 
1.40 
0.96 IA 163 EAST 44.90 D 0.55 
NE 80th Street NORTH 34.40 C 1.34 
IA 163 WEST 24.4 C 0.53 
Overall, given the simulated safety changes, the overall performance of the 
intersection in terms of crash rate improved. In addition, the South and North approaches, 
which had significantly higher crash rates during the study period showed marked 
improvement given the safety countermeasures employed. However, the West approach 
experienced an increased crash rate. No severity changes occurred between the expected 
crashes and those observed during the period. 
The operations of the intersection experienced deterioration in terms of delay and 
subsequently, LOS. Delay at the intersection rose by over 10 seconds (total delay per 
vehicle) on each approach. The East approach experienced the most significant changes, 
with delay increasing from 16.2 to 37.2 seconds and LOS dropping from B to D. While the 
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overall LOS at the intersection is still an acceptable C, it is clear that the safety 
improvements made to the intersection came at the expense of operations. 
The countermeasures employed at the site were focused mainly on revising the 
signalization aspects of the intersection. The countermeasures simulated included revising 
the all red times and implementing a split phase plan. The cost of retiming the all red was, 
for the purposes of this work, assumed to be a part of developing the new phasing scheme. 
The costs associated with the simulated countermeasures included $1,750 for the 
development of the split phase and all red timing revision and $2,000 for two new signal 
heads that would be required for the protected left turn phases on the East and West 
approaches. The total cost for all countermeasures would be $3750. 
In terms of crash savings, it was found that the simulated changes to the intersection 
would result in a total savings of $14,502 per year. These savings were primarily the result 
of the predicted reduction of crashes on the North and South approaches. The East and West 
approaches would experience increased costs associated with crashes (a loss) based on the 
predicted number and severity of crashes. A breakdown of the experienced and predicted 
crashes and the savings or losses associated with them can be found in Appendix I. 
Delay was found to increase on all approaches at the site when the countermeasures 
were simulated. As a result, the four approaches produced a loss of $56,510 per year. This 
value only considers the value of lost time in person hours during the peak hour; it does not 
take into consideration the potential savings or losses which might result from the simulated 
countermeasures during other parts of the day. A breakdown of the experienced and 
predicted delays and their associated financial costs can be found in Appendix I. 
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The increase in delay on all approaches resulted in more fuel (in gallons) being used 
by vehicles at the intersection. Simulation showed that 12 additional gallons of fuel would 
be consumed per hour if the selected countermeasures were employed. The value of this fuel 
would have been $12,667 per year. A breakdown of the experienced and predicted fuel 
usage and its associated financial costs can be found in Appendix I. 
The net present value of the benefits accrued from the simulated countermeasures was 
$166,337 over 20 years. Conversely, over the 20 year life of the project, the total net present 
value of the costs was computed to be $797,215. The benefit-cost ratio was subsequently 
computed as $166,337/$797,215 = 0.21. The result of this value being less than 1 is that 
there is no financial benefit expected from the project. Still, given the low implementation 
cost and the predicted improvement in terms of safety, this project may still be attractive 
from a non financial viewpoint. The few seconds of delay added to each driver's trip (during 
the peak hour) and fractional amount of fuel consumed as a result are miniscule compared to 
the opportunity to protect motorists from crashes. 
Center Street and Merle Hibbs Drive 
The intersection of Center Street and Merle Hibbs Drive is located in Marshalltown. 
Center Street is a 4 lane roadway with channelized left turn lanes, while Merle Hibbs Drive is 
a two lane roadway with a channelized left turn lane on the East approach and a channelized 
right turn lane on the West approach. During the study period, all four approaches 
experienced crash rates greater than 1.0. The safety and operational characteristics of the 
intersection during the study period are presented in Table 5.3. 
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Table 5.3: Center Street and Merle F ibbs Drive characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Center Street SOUTH 4.60 A 
A 
1.46 
2.16 Merle Hibbs Road EAST 15.50 B 1.52 
Center Street NORTH 5.00 A 1.71 
Merle Hibbs Road WEST 16.40 B 195 
In examining the predominant crash types occurring at the intersection, three patterns 
were observed. Of the 31 crashes occurring at the site, 13 resulted from red light running, 10 
were rear end, and 6 were related to left turning movements. The red light running problem 
may have stemmed from the short nature of the all-red clearance interval (1 second in 
length). This may have also contributed to the occurrence of rear end crashes. Crashes 
related to left turning movements could have been the result of the absence of any protected 
phasing, particularly on Merle Hibbs Drive, where most crashes occurred. 
To address these crash patterns, three countermeasures were analyzed. First, for the 
North and South approaches of Center Street, the yellow change interval was adjusted from 4 
to 4.5 seconds, while the all red phase was adjusted from 1 to 1.5 seconds. On the 
approaches of Merle Hibbs Drive, the yellow change interval remained the same (3 seconds), 
while the red clearance was adjusted from 1 to 3 seconds. Secondly, a permitted-protected 
left turn phasing was employed for movements on Center Street. Finally, lane groups on 
Merle Hibbs Drive were provided split phases so that opposing left turn movements would be 
unopposed. The safety and operational results of these simulated changes are presented in 
Table 5.4. 
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Table 5.4: Center Street and Merle Hibbs Drive characteristics following safety changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Center Street SOUTH 15.80 B 
B 
0.55 
0.54 Merle Hibbs Road EAST 28.00 C 0.03 Center Street NORTH 15.20 B 0.59 
Merle Hibbs Road WEST 27.40 C 1.00 
From a safety standpoint, all approaches experienced improvements in terms of crash 
rates, with the most dramatic improvement occurring on the East approach. However, given 
the lower entering volumes on this approach, the change is not as noteworthy as those 
occurring on the North and South approaches, where higher volumes were present. The 
safety countermeasures employed produced no significant changes in severity between the 
expected crashes and those observed during the period. 
From an operations standpoint, all approaches experienced longer delays and reduced 
LOS. Delay on all approaches increased by at East 10 seconds (total delay per vehicle), 
while LOS fell by one letter. While these changes did not result in significant operational 
deterioration, they did underscore that, given the safety countermeasures employed, 
operations at the intersection suffered. 
The countermeasures employed at the site were focused mainly on revising the 
signalisation aspects of the intersection. The countermeasures simulated included revising 
the yellow change and all red times and implementing protected-permitted left turn phases 
for the North and South approaches and a split phase plan for the East and West approaches. 
The cost of retiming the yellow change and all red was assumed to be a part of developing 
the new phasing scheme. The costs associated with the simulated countermeasures included 
$1,750 for the development of the split phase and $2,000 for two new signal heads that 
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would be required for the protected left turn phases on the North and South approaches. The 
total cost for all countermeasures would be $3750. 
In terms of crash savings, it was found that the simulated changes to the intersection 
would result in a total savings of $55,437 per year. These savings were the result of the 
predicted reduction of crashes on all approaches. The experienced and predicted crashes and 
the savings or losses associated with them are detailed in Appendix I. 
The delay experienced by vehicles increased on all approaches. As a result, the four 
approaches produced a loss of $25,177 per year. A breakdown of the experienced and 
predicted delays and their associated financial costs can be found in Appendix I. 
The increase in delay on all approaches resulted in more fuel (in gallons) being used 
by vehicles at the intersection. Simulation showed that 7 additional gallons of fuel would be 
consumed per hour if the selected countermeasures were employed. The value of this fuel 
would have been $7,389 per year. A breakdown of the experienced and predicted fuel usage 
and its associated financial costs can be found in Appendix I. 
The net present value of the benefits accrued from the simulated countermeasures was 
$635,866 over 20 years. Over the 20 year life of the project, the total net present value of the 
costs was computed to be $288,785. The benefit-cost ratio was subsequently computed as 
$635,866/$288,785 = 1.69. As this value exceeds 1, the selected countermeasures result in a 
financial benefit for the project. The few seconds of delay added to each driver's trip and 
fractional amount of fuel consumed did not outweigh the safety benefits that could accrue. 
Douglas Avenue and 83rd Street 
The intersection of Douglas Avenue and 83rd Street is located in Urbandale. Douglas 
Avenue is a four lane divided roadway with channelized left and right turn lanes during the 
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study period, while 83rd Street is a two lane roadway with a channelized right turn lane on the 
South approach. During the study period, the North and South approaches of the intersection 
(83rd Street) experienced crash rates exceeding 2.0. The safety and operational 
characteristics of the intersection during the study period are presented in Table 5.5. 
Table 5.5: Douglas Avenue and 83rd Street characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
83rd Street SOUTH 15.20 B 
C 
2.23 
1.86 Douglas Avenue EAST 29.00 C 0.46 83rd Street NORTH 78.80 E 4.46 
Douglas Avenue WEST 27.50 C 0.28 
The high crash rates experienced on 83rd Street's approaches were the result of the 
low number of crashes which occurred at the site over the study period (11 for the 
intersection, of which 1 occurred on the South approach and 2 occurred on the North 
approach), combined with low entering volumes. Still, in examining the crash patterns for 
the site, two problems were evident; 7 of the 11 crashes occurring were red light running (3) 
or rear end (3) related. In examining the timing plan in place during the study period, a short 
red clearance was noted on the North and South approaches (1.0 second for protected left 
turn phases and 1.5 seconds for through phases). This was suspected to be the possible cause 
of the safety problems at the site. 
To address the red light running and rear end crash problems, the yellow change and 
all red clearance intervals were recomputed. On the North and South approaches, the yellow 
clearance was computed as 3.0 seconds, rather than the 4.0 second timing in place 
previously. Conversely, the all red phase for the North and South approaches was adjusted 
from 1.0 to 4.0 seconds. In addition, the yellow change for the East and West approaches 
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were changed from 4.0 to 4.5 seconds, while the all red interval in use on these approaches 
was changed to 1.5 seconds rather than 1.0 seconds. In addition to the changes made to the 
change and clearance intervals, a channelized left turn lane was added to the North approach 
to separate this movement from through and right turn movements so that vehicles on the 
South approach would be able to differentiate opposing movements more easily. The safety 
and operational results of these simulated changes are presented in Table 5.6. 
Table 5.6: Douglas Avenue and 83rd Street characteristics following safety changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
83rd Street SOUTH 14.60 B 
C 
0.85 
0.61 Douglas Avenue EAST 33.80 C 0.37 
83rd Street NORTH 41.60 D 0.80 
Douglas Avenue WEST 29.20 C 0.41 
Given the safety countermeasures employed, drops in crash rates occurred for all 
approaches except the West, where an increase of 0.13 was computed. This was the result of 
an increase of approximately 1 expected crash on this approach. Overall, the crash rate for 
the entire intersection improved. In terms of severity and the total number of expected 
crashes, no noteworthy changes were found when compared to the crashes observed for the 
study period. 
Operationally, the intersection experienced drops in delay on the North and South 
approaches, while delay increased on the East and West approaches. While most of the 
changes in delay were minimal (under 5 seconds per vehicle), the North approach saw its 
delay fall by approximately 41 seconds. The LOS remained unchanged on all approaches, 
with the exception of the North approach, where it improved form an E to a D. In short, the 
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safety countermeasures employed in the case of this intersection resulted in both safety and 
operational improvements. 
The countermeasures employed at the site were revisions to the signalization aspects 
of the intersection, as well as the addition of a left turn lane on the North approach. The 
signalization changes would result in a cost of $1,750, which would include both the revision 
of the yellow clearance and all red times. Based on a length of 50 feet, the cost of adding a 
channelized left turn lane would be an estimated $96,573. The total cost for all 
countermeasures would be $99,273. 
The simulated countermeasures were found to produce a crash savings of $25,449 per 
year. These savings were the result of the predicted reduction of crashes on the North, South 
and West approaches. The experienced and predicted crashes and the savings or losses 
associated with them are detailed in Appendix I. 
The delay experienced by vehicles remained constant on the West and South 
approaches, while rising slightly on the East approach. The North approach showed a 
marked decline, with delay dropping by 37 seconds per vehicle. As a result, the four 
approaches produced a benefit of $13,409 per year. A breakdown of the experienced and 
predicted delays and their associated financial costs can be found in Appendix I. 
The trends previously observed in delay on the approaches resulted in less fuel (in 
gallons) being used by vehicles at the intersection. Simulation showed that only 1 gallon of 
fuel would be saved per hour if the selected countermeasures were employed. However, the 
value of this fuel would have been $1,056 per year. A breakdown of the experienced and 
predicted fuel usage and its associated financial costs can be found in Appendix I. 
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The net present value of the benefits accrued from the simulated countermeasures was 
$291,894 over 20 years. Over the 20 year life of the project, the total net present value of the 
costs was computed to be $153,801. The benefit-cost ratio was subsequently computed as 
$291,894/$ 153,801 =4.61. As this value exceeds 1, the selected countermeasures result in a 
financial benefit for the project. 
42nd Street and Edgewood Road 
The intersection of 42nd Street and Edgewood Road is located in Cedar Rapids. Both 
roadways are 4 lane facilities, with channelized left and right turn lanes on all approaches. 
The safety performance of the approaches during the study period was poor, particularly on 
the East approach of 42nd Street. The safety and operational characteristics of the 
intersection during the study period are presented in Table 5.7. 
Table 5.7: 42nd Street and Edgewood Road characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Edgewood Road SOUTH 17.10 B 
B 
1.16 
1.69 42nd Street NE EAST 17.40 B 2.97 
Edgewood Road NORTH 20.90 C 0.93 
42nd Street NE WEST 18.80 B 1.71 
Examination of the predominant crash patterns at the intersection revealed that the 
majority of the 54 crashes which occurred were related to red light running (12), rear end 
(22) or failure to yield the right of way when turning left (13). Examining the all red 
clearance intervals revealed one potential problem in that these timings were quite short 
(ranging from 1.6 to 2.0 seconds, depending on the approach and movement). The short 
nature of these intervals was suspected to be the cause of the red light running and rear end 
crashes. The left turning crashes were likely the result of the protected-permitted left turn 
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phasing scheme in place during the period. While this phasing scheme was beneficial to 
operations, it presented a safety problem as vehicles were more likely to attempt turns despite 
inadequate gaps, as well as sneaking through during the clearance intervals. 
To address these crash patterns, two countermeasures were simulated. First, the all 
red clearance intervals were revised to 2.0 seconds for all approaches. In addition, the yellow 
change interval was changed from 3.8 to 4.5 seconds for the East and West approaches of 
42nd Street. Secondly, the protected-permitted left turn phases on all approaches were 
changed to a protected phase in order to eliminate the turning movements in conflict with 
opposing through movements. In conjunction with this change, the North and West approach 
left turn bays were lengthened to 350 feet to provide greater storage for increased queues of 
turning vehicles. The safety and operational characteristics of the intersection following 
these changes are presented in Table 5.8. 
Table 5.8: 42nd Street and Edgewood Road characteristics following safety changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Edgewood Road SOUTH 22.00 C 
C 
0.42 
0.58 42nd Street NE EAST 21.40 c 0.71 
Edgewood Road NORTH 34.10 c 0.43 
42nd Street NE WEST 51.30 D 0.77 
From a safety standpoint, improvements were noted for all approaches, as well as the 
intersection as a whole. The computed crash rates given the expected crashes were all found 
to drop, with the intersection crash rate dropping as well. The expected number of crashes, 
and subsequently, the computed crash rate showed dramatic improvements on the North, 
South and East approaches. No noteworthy changes in severity were found when compared 
to the crashes observed for the study period. 
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Operations were found to deteriorate in terms of delay and subsequently LOS for all 
approaches. Most of the increases to delay were minimal (approximately 10 seconds or less) 
and LOS only fell by one letter. The greatest changes occurred on the West leg, where delay 
increased by approximately 33 seconds and LOS went from a B to a D. Once again, this was 
a case where safety improvements resulted in operational deterioration. 
The countermeasures employed at the site were revisions to the signalization aspects 
of the intersection and the lengthening of the left turn lanes on the North and West 
approaches to 350 feet. The signalization changes would result in a cost of $1,750, which 
would include both the revision of the yellow clearance and all red times, as well as the 
changes made to shift from protected-permitted to protected phasing. The cost of extending 
the left turn lanes would be an estimated $210,893. The total cost for all countermeasures 
would be $212,643. 
The simulated countermeasures were found to produce a crash savings of $104,175 
per year. These savings were the result of the predicted reduction of crashes on all 
approaches. The experienced and predicted crashes and the savings or losses associated with 
them are detailed in Appendix I. 
The delay experienced by vehicles increased on all approaches. The West approach 
showed the largest increase, at approximately 35 additional seconds per vehicle. As a result, 
the four approaches produced a cost of $54,341 per year. A breakdown of the experienced 
and predicted delays and their associated financial costs can be found in Appendix I. 
The trends previously observed in delay on the approaches resulted in more fuel (in 
gallons) being used by vehicles at the intersection. Simulation showed that 8 additional 
gallons of fuel would be used per hour if the selected countermeasures were employed. The 
133 
value of this fuel would be $8,444 per year. A breakdown of the experienced and predicted 
fuel usage and its associated financial costs can be found in Appendix I. 
The net present value of the benefits accrued from the simulated countermeasures was 
$1,194,885 over 20 years. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $932,793. The benefit-cost ratio was subsequently computed 
as $1,194,885/$932,793 = 1.28. As this value exceeds 1, the selected countermeasures would 
result in a financial benefit for the project. 
Assessing Operational Tradeoffs 
In assessing the tradeoffs related to operational changes, we want to determine if 1) 
the change implemented to improve operations had the desired effect and 2) the impact of the 
operational change on safety. In other words, did number of crashes increase or decrease 
given the operational countermeasure(s) employed? This differs from the work presented in 
the previous section, which focused on addressing safety problems at an intersection. This 
section will focus on addressing the operational problems at an intersection while taking note 
of how safety was affected. 
The countermeasures that will be simulated in this section include the addition of left, 
through and right turn lanes (if justified), right and left turn lane lengthening, lane widening 
and timing adjustments. As the intersections in this study are mainly isolated, the strategy of 
coordination will not be employed. The following sections present the results obtained from 
four of the intersections analyzed for safety changes. The results for the remaining 
intersections analyzed may be found in Appendix J. 
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U.S. 151 and Maquoketa Drive 
The intersection of U.S. 151 and Maquoketa Drive is located in Dubuque. The 
intersection functioned poorly during the p.m. peak hour on the mainline (U.S. 151), as 
shown in Table 5.9. During the study period, the intersection had a three phase timing plan 
in place, with both Southbound and Northbound traffic on U.S. 151 receiving an individual 
phase. In terms of safety, the intersection only experienced a problem on the East approach 
of Maquoketa Drive, as evidenced by the crash rate. 
Table 5.9: U.S. 151 and Maquoketa Drive characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
US 151 (US 61) SOUTH 64.60 E 
F 
0.36 
0.94 Maquoketa Drive EAST 14.60 B 2.71 
US 151 (US 61) NORTH 146.70 F 0.34 
Maquoketa Drive WEST 37.40 C 0.33 
The amount of delay under the current timing plan suggested that the split phase 
timing plan on the mainline was not an optimum phasing plan. Simulation of the intersection 
using SimTraffic also confirmed this, as excessive queues were observed to form on the 
North approach during the peak hour. A phasing scheme in which both the North and 
Southbound lane groups on U.S. 151 shared green time with protected-permitted left turns 
was tested, along with channelized left turn lanes. The left turn lanes were added to remove 
vehicles from the through traffic stream. A 75 foot (as dictated by available right of way) 
channelized right turn lane was also added to the West approach. Operational and safety 
changes that resulted from these countermeasures are displayed in Table 5.10. 
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Table 5.10: U.S. 151 and Maquoketa Drive characteristics fol owing operational c ranges 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
US 151 (US 61) SOUTH 12.70 B 0.48 
Maquoketa Drive EAST 17.80 B B 0.68 0.53 
US 151 (US 61) NORTH 18.80 B 0.40 
Maquoketa Drive WEST 27.10 C 0.57 
Given the simulated operational changes made to the intersection, a marked 
improvement in level of service was made, particularly on the North and South approaches. 
Delay (total delay per vehicle) decreased by 52 seconds on the South approach and 128 
seconds on the North approach. The result was both approaches LOS increased to B, along 
with the intersection as a whole. The East approach experienced a 3 second increase to 
delay, while the West approach had a decrease of 9 seconds. In both cases, the LOS 
remained the same. 
In terms of safety, the changes to the intersection to improve operations, resulted in 
increased expected crash rates for the North, South and West approaches while that of the 
East approach decreased. Given that the East approach had a high crash rate before the 
operational changes were made, this improvement was a bonus. In terms of severity, no 
increase in expected severity was found when compared to the crashes observed for the study 
period. The overall crash rate for the intersection improved; however, three approaches 
experienced a deterioration of safety, which was outweighed by a larger improvement on one 
approach. As such, safety suffered slightly given the operational changes at this site. 
The countermeasures employed at the site consisted of both signalization and 
geometric changes. Signalization countermeasures included changing the phasing scheme 
($1,750) and adding two new sets of heads for the turn lanes to be constructed ($2,000). 
136 
Geometric changes consisted of the construction of 150 foot channelized left turn lanes on 
the North and South approaches, as well as a 75 foot right turn lane on the West approach. 
The estimated cost of such construction was $296,554. The total costs associated with all of 
the simulated countermeasures would be $300,304. 
In terms crash savings, it was found that the simulated changes to the intersection 
would result in a total cost of $30,219 per year. These costs were primarily the result of the 
predicted increase of crashes on the North, South and West approaches. Only the East 
approach showed a reduction in expected crashes and a subsequent savings. A breakdown of 
the experienced and predicted crashes and the savings or costs associated with them can be 
found in Appendix K. 
Delay was found to decrease on all approaches except the East under simulated 
conditions. As a result, the four approaches produced a savings of $267,221 per year. A 
breakdown of the experienced and predicted delays and their associated financial costs can 
be found in Appendix K. 
The decrease in delay resulted in less fuel (in gallons) being used by vehicles on the 
North and South approaches. Simulation showed that 44 fewer gallons of fuel per hour 
would be consumed if the selected countermeasures were employed. The value of this fuel 
would have been $46,445 per year. A breakdown of the experienced and predicted fuel 
usage and its associated financial costs can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $3,597,735. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $646,916. The benefit-cost ratio was subsequently computed 
as $3,597,735/$646,916 = 5.56. As this value is greater than 1.0, the implementation of the 
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selected countermeasures would be beneficial. Still, careful thought must be given to the 
tradeoffs between the estimated financial savings and the predicted (albeit small) increase in 
crashes which might occur. 
Iowa Highway 1 and Sunset Street 
The intersection of Iowa Highway 1 and Sunset Street is located in Iowa City. Each 
approach on the mainline had dedicated right and left turn lanes, while the approaches of 
Sunset Street/Menards Entrance had dedicated left turn lanes. Operations during the study 
period consisted of a three phase timing plan with a protected left turn phase for both 
approaches on Iowa 1, with the remaining two phases dedicated to serving through/right turn 
lane groups on Iowa 1 and the left/through/right movements on Sunset Street/Menards 
Entrance, respectively. Table 5.11 presents the operational and safety characteristics of the 
intersection. 
Table 5.11: Iowa Highway 1 and Sunset Street c 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Menards Entrance SOUTH 88.30 F 
E 
1.67 
0.85 IA1 EAST 102.00 F 0.56 
Sunset Street NORTH 15.50 B 0.74 
TA 1 WEST 46.40 D 0.44 
îaractenstics 
Operationally, the intersection functioned poorly on the East approach of Iowa 1, as 
well as the South approach (exit of a parking lot). Operations on the West approach were 
also poor. The safety performance of the intersection was also of concern, however, only 
countermeasures aimed at improving operations are employed in this portion of analysis. 
In examining the delays incurred at the intersection, it became clear that the primary 
problem leading to poor LOS was in the handling of left turn lanes on Iowa 1 and the 
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left/through/right lane group on Sunset Street. Specifically, the green times allocated to these 
movements were either too short (11 seconds for Iowa 1 left turn lane group) or impeded by 
other movements (Sunset Street left/through/right). For example, left turns from Sunset 
Street were regularly impeded by through traffic leaving the Menard's parking lot. In 
addition, a short green time allocated to through lane group on the East approach led to the 
development of excessive queues and subsequently increased delay and poor level of service 
for that movement. 
It was first thought that providing a protected phase for the left turn lane groups on 
the minor approaches would help to improve their LOS. When implemented, such an 
improvement did not occur, while the delay to lane groups on the major approaches 
increased. The next strategy was to adjust signal timings and add a channelized right turn 
lane on the North approach (Sunset) in an attempt to remove this movement from the traffic 
stream. This was found to yield improvement in the intersection LOS on each approach, 
with the exception of the North approach, where LOS fell from B to C. This drop was 
deemed acceptable, given the improvements gained on the remaining three approaches. 
Table 5.12: Iowa Highway 1 and Sunset Street characteristics following operational 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Menards Entrance SOUTH 41.70 D 
C 
0.59 
0.39 LA 1 EAST 46.50 D 0.24 
Sunset Street NORTH 20.50 C 0.54 
IA 1 WEST 33.30 C 0.17 
Operationally, this site still suffered from high delay and subsequently poor LOS on 
the South and East approaches. However, given the changes employed, these are still 
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improvements over the existing conditions during the study period. Delay on the South 
approach fell by 47 seconds, while delay on the East approach fell by 48 seconds. Delay also 
fell on the West approach by 13 seconds. The result was improved LOS on all three 
approaches. These improvements also led to an improved overall intersection LOS of C. 
From a safety standpoint, the operational changes to the intersection also resulted in 
safety improvements along all four approaches. This came in the form of fewer expected 
crashes and lower expected crash rates. No changes in severities were found when compared 
to the crashes observed for the study period. In the case of this intersection, safety improved 
as a result of operational improvements. 
The countermeasures employed at the site consisted of both signalization and 
geometric changes. Signalization countermeasures included optimizing the signal timings at 
a cost of $1,750. Geometric changes included adding a new right turn lane to the North 
approach. The estimated cost of such construction was $96,730. The total costs associated 
with all of the simulated countermeasures would be $98,480. 
In terms of crash savings, it was found that the simulated changes to the intersection 
would result in a total savings of $32,434 per year. These savings were primarily the result 
of the predicted decrease of crashes on the North, South and East approaches. Only the West 
approach showed an increase in expected crashes and a subsequent loss. A breakdown of the 
experienced and predicted crashes and the savings or losses associated with them can be 
found in Appendix K. 
Delay was found to decrease on the East and South approaches, while it increased on 
the West and North approaches under simulated conditions. As a result, the four approaches 
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produced a savings of $156,072 per year. A breakdown of the experienced and predicted 
delays and their associated financial costs can be found in Appendix K. 
The decrease in delay resulted in less fuel being used by vehicles on all approaches 
except the North, whose use remained unchanged. Simulation showed that 24 fewer gallons 
of fuel per hour would be consumed if the selected countermeasures were employed. The 
value of this fuel would have been $25,333 per year. A breakdown of the experienced and 
predicted fuel usage and its associated financial costs can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $2,452,728. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $98,480. The benefit-cost ratio was subsequently computed as 
$2,452,728/$98,480 = 24.91. As this value is greater than 1.0, the implementation of the 
selected countermeasures would be beneficial. 
Iowa Highway 141 and N. W. 54th Avenue 
The intersection of Iowa Highway 141 and N.W. 54th Avenue is located in Grimes. A 
three phase cycle was in place during the study period consisting of a protected left turn 
phase for lane groups on Iowa 141, with the remaining two phases dedicated to serving the 
shared through/right turn movement on Iowa 141 and N.W. 54th, respectively. Each 
approach on the Iowa 141 has dedicated left turn lanes. Table 5.13 presents the operational 
and safety characteristics of the intersection. 
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Table 5.13: Iowa Highway 141 and N.W. 54th Avenue characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
LA 141 SOUTH 59.10 E 
F 
0.47 
0.98 NW 54th Avenue EAST 671.70 F 1.78 
LA 141 NORTH 26.40 C 1.00 
NW 54th Avenue WEST 45.10 D 0.67 
Operations during the p.m. peak presented two distinct problems. The first was an 
excessive queue forming on the South approach, leading to delay for all lane groups. The 
second problem was that on the East and West approaches delay was excessive (the delay 
estimate of 671 seconds is not an error, the geometric and traffic conditions at the site led to 
this peculiarity). This was in part due to the timing plan providing Iowa 141 a majority of 
the available cycle time (135 seconds). The result was excessive queuing and delay, 
specifically on the East approach. 
Three strategies were simulated to address these problems. First, channelized left and 
right turn lanes were added to both the East and West approaches to address the queues 
which were present by separating movements. In addition, the South approach also received 
a channelized right turn lane to remove right turning vehicles from the through traffic stream. 
Ample right of way was available should such a strategy be implemented. Secondly, the 
cycle length was shortened to 90 seconds. Finally, the green times for each of the phases 
were optimized. These strategies resulted in the operational and safety characteristics 
presented in Table 5.14. 
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Table 5.14: Iowa Highway 141 and N.W. 54th Avenue characteristics following 
operational changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
IA 141 SOUTH 30.70 C 
C 
0.59 
0.74 NW 54th Avenue EAST 35.80 c 0.86 
IA 141 NORTH 20.80 c 0.53 
NW 54th Avenue WEST 12.80 B 1.00 
Operationally, the intersection showed a dramatic improvement, particularly on the 
East approach where delay fell from an astonishing 671 seconds to a more acceptable 34 
seconds. Less dramatic improvements occurred on the remaining three approaches, with 
LOS improving accordingly. Given the operational state of this site prior to the testing of 
countermeasures, breakdown conditions have been eliminated. 
The impacts on safety at the site were mixed. The East and North approaches 
experienced a drop in expected crashes and crash rate, while the South and West approaches 
rose slightly. With all of the improvements on the East approach, an improvement was not 
surprising. Given the improvements made to the South approach, it was interesting that 
expected crashes rose slightly. No changes in severities were found when compared to the 
crashes observed for the study period. This site experienced both positive and negative 
changes. 
The countermeasures employed at the site consisted of both signalization and 
geometric changes. Signalization countermeasures included optimizing the signal timings at 
a cost of $1,750. Geometric changes included adding new 100 foot left and right turn lanes 
to the East and West approaches, along with a 750 foot right turn lane on the South approach. 
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The estimated cost of such construction was $508,888. The total costs associated with all of 
the simulated countermeasures would be $510,638. 
In terms of crash savings, it was found that the simulated changes to the intersection 
would result in a total savings of $51,533 per year. These savings were primarily the result 
of the predicted decrease of crashes on the North and East approaches. A breakdown of the 
experienced and predicted crashes and the savings or losses associated with them can be 
found in Appendix K. 
Delay was found to decrease on all approaches, with a significant decrease occurring 
on the East approach. As a result, the four approaches produced a savings of $427,901 per 
year. A breakdown of the experienced and predicted delays and their associated financial 
costs can be found in Appendix K. 
The decrease in delay resulted in less fuel being used by vehicles on all approaches. 
Simulation showed that 65 fewer gallons of fuel per hour would be consumed if the selected 
countermeasures were employed. The value of this fuel would have been $68,612 per year. 
A breakdown of the experienced and predicted fuel usage and its associated financial costs 
can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $6,286,054. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $510,638. The benefit-cost ratio was subsequently computed 
as $6,286,054/$510,638 = 12.31. As this value is greater than 1.0, the implementation of the 
selected countermeasures would be beneficial. 
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Ansborough Avenue and University Avenue 
The intersection of Ansborough Avenue and University Avenue is located in 
Waterloo. This intersection had a three phase timing plan in place during the study period. 
This plan consisted of a protected phase for left turns on University Avenue, as well as 
phases for through lane groups and permitted left turns on University Avenue and 
Ansborough Avenue. Each approach had channelized left turn lanes and shared through-
right turn lanes. Table 5.15 presents the operational and safety characteristics of the 
intersection. 
Table 5.15: Ansborough Avenue and University Avenue characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Ansborough Avenue SOUTH 131.40 F 
D 
0.67 
0.65 University Avenue EAST 11.80 B 0.83 
Ansborough Avenue NORTH 15.40 B 0.17 
University Avenue WEST 9.80 A 0.94 
Operationally, the intersection functions quite well, with the exception of one 
movement, that being left turns from the South approach of Ansborough Avenue. The delay 
of this movement is what has led to the LOS F on this approach. This is the result of a lack 
of a protected phase for such lane groups coupled with a lack of available gaps for left turn 
lane groups. To improve operations, two simple changes were made. First, the South 
approach left turns were provided with a protected-permitted phasing to facilitate their 
movement. In addition, the cycle length was increased from 62 to 70 seconds by trial and 
error. The results of these simulated changes on operations and safety are presented in Table 
5.1(5. 
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Table 5.16: Ansborough Avenue and University Avenue characteristics following 
operational changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Ansborough Avenue SOUTH 20.80 C 
C 
0.61 
0.58 University Avenue EAST 20.40 C 0.59 
Ansborough Avenue NORTH 25.10 c 0.60 
University Avenue WEST 18.60 B 0.53 
As the focus of the operational changes was to improve the South approach, it is not 
surprising that this was the only approach which showed improvement. Delay on this 
approach fell by 111 seconds. Given the volume of nearly 800 vehicles using this approach 
during the peak hour, this is a significant drop. At the same time, delay on the remaining 
approaches increased by 9 to 10 seconds. In any event, these increases were minor when 
compared to the improvement on the South approach. 
Safety at the intersection also improved greatly given the operational changes made. 
Crash rates fell on all approaches, with the exception of the North approach. The increase on 
the North approach was mainly the result of an increase in the mean expected number of 
crashes rising for both through and left turning movements. Also noteworthy were the 
decreases in expected left turning PDO crashes on the South approach, all severities of left 
turning crashes on the East approach and Minor, Possible and PDO through crashes on the 
West approach. Overall, the safety of the site improved given the operational 
countermeasures employed. 
The countermeasures employed at the site consisted entirely of signalization changes. 
Signalization countermeasures included optimizing the signal timings and providing the 
south approach left turn movements with protected-permitted phasing. The cost of these 
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countermeasures would be $1,750 for the timing changes and $1,000 for the new signal head 
required for the South approach left turns. The total costs associated with all of the simulated 
countermeasures would be $2,750. 
In terms of crash savings, it was found that the simulated changes to the intersection 
would result in a total savings of $33,232 per year. These savings were primarily the result 
of the predicted decrease of crashes on the East approach. A breakdown of the experienced 
and predicted crashes and the savings or losses associated with them can be found in 
Appendix K. 
Delay was found to decrease on the East approach while increasing slightly on the 
remaining approaches. However, the decline in delay on the East approach outweighed any 
delay increases, resulting in a savings of $97,902 per year. A breakdown of the experienced 
and predicted delays and their associated financial costs can be found in Appendix K. 
The decrease in delay on the East approach resulted in less fuel being used by 
vehicles. Simulation showed that 13 fewer gallons of fuel per hour would be consumed if the 
selected countermeasures were employed. The value of this fuel would have been $13,722 
per year. A breakdown of the experienced and predicted fuel usage and its associated 
financial costs can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $1,661,509. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $2,750. The benefit-cost ratio was subsequently computed as 
$l,661,509/$2,750 = 604.19. This value, which is greater than 1.0, illustrates that the 
implementation of the selected countermeasures would be beneficial. In this case, the low 
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cost of the countermeasures and high value of the benefits would make this an extremely 
attractive project. 
Conclusion 
The foremost conclusion which can be drawn from the results presented in this 
chapter is that it is possible to make such assessments in a simplified framework. The 
methodology developed and utilized in this research has linked safety and operations together 
and demonstrated the impact of safety on operations and operations on safety. While the 
methodology requires refinement, the cases presented in this chapter serve as a proof of 
concept. The ability to determine the impacts that a safety or operational change will have 
on its counterpart provides analysts and decision makers with a new tool when selecting 
appropriate countermeasures. 
When examining the overall trends by approach, it was found that, given safety 
improvements, 10 approaches saw their operations improve, while 30 approaches saw an 
operational decline. For the intersection as a whole, operations improved at 3 sites, while 
they declined at 7 sites. At the same time, the safety by approach given safety changes 
improved on 27 approaches, while it declined on 13 approaches. At the intersection level, 
overall safety improved at 8 sites, while declining at 2 sites. Each of these declining sites 
were circumstances where safety improvements occurred on the targeted approaches, but 
declines occurred on approaches where no countermeasures were employed. 
Overall, it appears that the impact of safety changes on operations was mixed. 
Clearly, at the approach level, safety improvements more commonly led to deterioration in 
operations, albeit minor in many cases. However, there were also cases where safety 
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changes were beneficial to operations. In short, the improvements and declines in operations 
were likely the result of the unique set of conditions present at each site. This lack of 
identical conditions between sites resulted in different outcomes in terms of the impacts 
resulting from safety improvements. 
Benefit-cost analysis found that, where safety improvements were the focus, only 
four of the ten study sites produced a B/C ratio greater than 1.0. Of the sites that had a B/C 
ratio of less than 1.0, three had a ratio of zero. This would suggest that, while safety was 
expected to improve at the approach and site level, the cost savings accrued from the changes 
in expected number of crashes were not significant. Indeed, the impacts on operations (delay 
and fuel usage) often produced added costs, resulting in B/C ratios of less than 1.0. As a 
result, the costs of the countermeasures, combined with the additional delay and fuel usage 
incurred, tended to outweigh the crash savings at the study sites. Outside of a simulated case 
study context such as that presented here, careful consideration would need to be given to the 
financial benefits and costs incurred on the operational side versus the societal benefits of 
reducing crashes. 
When examining the impacts of operational treatments, 30 approaches saw their 
safety improve in terms of crash rate, while 22 approaches saw their safety decline in terms 
of crash rate. For the intersection as a whole, safety improved at 10 sites through crash rate 
drops, while it declined at 3 sites with crash rate increases. At the same time, the operations 
by approach improved on 39 approaches, while they declined on 13 approaches. At the 
intersection level, overall operations improved at all 13 sites. 
Given these results, it appears that operational improvements produce mixed results, 
as slightly more than half of the crash rates along approaches fell, while slightly less than 
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half rose. However, when the safety of the entire intersection was taken into account, 
operational changes had a positive impact overall, with the crash rates of a limited number of 
intersections deteriorating. The impacts of operational changes on safety are the result of the 
set of conditions present at a site. 
When operational benefits were the focus of the countermeasures, eleven of the 
thirteen study sites produced a B/C ratio greater than 1.0. This demonstrates the ability of 
operational improvements to produce significant savings from both reduced delay and fuel 
usage. These benefits had a tendency to outweigh any financial costs that may have been 
incurred from increased crash costs. Examination of the crash costs (found in Appendix K) 
reveals that seven sites saw savings from a reduction in the expected number of crashes, 
while six sites saw a loss from crash increases. In the cases where crashes, and subsequently 
costs increased, careful consideration would need to be made as to whether the savings 
accrued from improved operations were justifiable when compared to the impacts on society 
of the potential degradation of safety at the site. 
Based on these findings, it is difficult to make a direct statement that all operational 
changes have a positive impact on safety or all safety changes have a negative impact on 
operations. It appears that, at the approach level, safety changes are more likely to produce 
operational declines. However, operational improvements may or may not lead to safety 
improvements on approaches. In many cases safety did improve in terms of lower crash rates 
at the intersection level. Rather, the conclusion which can be drawn from the examples 
reviewed in this chapter is that the features of a site determine what the operational and 
safety impacts of changes will be. 
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It must be noted that simply because an improvement was predicted in either 
operations or safety which did not have an adverse impact on its counterpart, this does not 
mean the countermeasure should be implemented. Sound engineering judgment based on 
experience needs to be utilized, as does fiscal responsibility. While the addition of a left turn 
lane might improve operations during the peak hour, it may provide no benefits for the other 
23 hours of the day. In such a case, the expense of constructing a left turn lane cannot be 
justified. 
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Chapter 6: Conclusions and Recommendations 
The research presented has reviewed past safety model research for signalized 
intersections, high speed signalized intersection research and the application of Bayesian 
methods to traffic safety. A zero-inflated Poisson model was specified within a hierarchical 
Bayesian framework to determine the expected number of crashes by movement and severity 
given a set of operational or safety countermeasures. Finally, an assessment of the tradeoffs 
given operational and safety changes was performed using intersection case studies. This 
chapter summarizes the results of the model, the research of the tradeoffs between safety and 
operations, as well as its limitations and recommendations. 
Summary 
This dissertation presented a methodology to link safety and operations in order to 
determine the tradeoffs of improvements. The methodology used the established Highway 
Capacity manual metrics to assess operational performance, while a safety model was 
developed to predict safety performance in terms of the mean expected number of crashes. 
Case studies were conducted to illustrate how the methodology works, as well as determine 
how safety and operational countermeasures affect one another. The ability to make such a 
determination provides analysts and decision makers with a new tool when selecting 
appropriate countermeasures. 
In developing the safety model, the zero-inflated Poisson model was selected in order 
to account for an excess of zero crash occurrences on approaches in the modeling process. 
The model was specified within a hierarchical Bayesian framework as it did not require 
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safety Performance Functions, as does the empirical Bayesian method. Model specification 
was facilitated by the software WinBUGS. 
Model diagnostics were performed to establish model confidence using Bayesian p-
values. Only a limited number of p-values were found to fall outside of the found 0.05 and 
0.95 and 0.025 and 0.975 thresholds. This demonstrates that the model which was developed 
appears to fit the data reasonably well, at least in the sense that it produces plausible 
predictions at the site by approach by movement level when we add across all severities. As 
such, we can be confident that the research results obtained from its use are reasonable. 
Model results indicated that the approach speed limit, opposing approach speed limit, 
right turn lane length, maximum green time for the through movement, median width, land 
use and left turn movement all had an effect on the number of crashes per site per approach at 
different levels of severity. Protected/permitted phasing and through movement had an effect 
on crashes at all types of severities. Protected/permitted phasing had an effect on the overall 
number of crashes per site by approach when not considering severity. 
The case studies performed examined how safety or operational countermeasures 
impacted their counterpart. To this end, 13 sites where one or more intersection approaches 
functioned at LOS E or F, based on peak hour volumes during the study period were 
examined. Conversely, 10 sites with an intersection average crash rate of greater than 1.0 
were examined. Impacts were assessed for both the approaches and the intersection as a 
whole. 
When examining the overall trends by approach, it was found that, given simulated 
safety improvements at the 10 study intersections, 10 approaches saw an operational 
improvement, while 30 approaches saw an operational decline. At the intersection level, 
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operations improved at 3 sites, while they declined at 7 sites. At the same time, the safety by 
approach given safety changes improved on 27 approaches, while it declined on 13 
approaches. At the intersection level, overall safety improved at 8 sites, while declining at 2 
sites. Each of these declining sites were circumstances where safety improvements occurred 
on the targeted approaches, but declines occurred on approaches where no countermeasures 
were employed. These tradeoffs are summarized in Tables 6.1 and 6.2. 
Table 6.1: Summary of tradeoffs given safety improvements 
Safety by Approach Operations by Approach 
Improvement Decline Improvement Decline 
27 13 10 30 
Safety by Site Operations by Site 
Improvement Decline Improvement Decline 
8 2 3 7 
Table 6.2: Summary of tradeoffs given operational improvements 
Operations by Approach Safety by Approach 
Improvement Decline Improvement Decline 
39 13 30 22 
Operations by Site Safety by Site 
Improvement Decline Improvement Decline 
13 0 10 3 
Based on these results, the impact of safety changes on operations could be 
considered to be more negative than positive. Clearly, at the approach level, safety 
improvements more commonly led to deterioration in operations, albeit minor in many cases. 
However, there were also cases where safety changes were beneficial to operations, 
particularly for the intersection as a whole. Overall, the improvements and declines in 
operations were likely the result of the unique set of conditions present at each site. This lack 
of identical conditions between sites resulted in different outcomes in terms of the impacts 
resulting from safety improvements. 
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When examining the impacts of operational treatments, 30 approaches saw safety 
improvement, while 22 approaches saw their safety decline. At the intersection level, safety 
improved at 10 sites, while it declined at 3 sites. At the same time, the operations improved 
on 39 approaches, while they declined on 13 approaches. At the intersection level, overall 
operations improved at all 13 sites. 
Benefit-cost analysis found that, for safety improvements, only four of the ten study 
sites produced a B/C ratio greater than 1.0. While safety was expected to improve at the 
approach and site level, the cost savings accrued from the changes in expected number of 
crashes were not significant. Indeed, the impacts on operations (delay and fuel usage) often 
produced added costs, resulting in B/C ratios of less than 1.0. These costs tended to 
outweigh the crash savings at the study sites. 
In general, it can be concluded that, while the simulated safety improvements were 
expected to have the desired effect of improving the safety performance of the site, they were 
not financially advantageous. Indeed, the results displayed in Table 6.1 were further verified 
through the increased costs estimated for delays and fuel usage. While the increased delay 
simulated for the safety improvement case studies in Chapter 4 was generally less than 30 
seconds, the aggregate costs of this delay over the course of a year were quite large, resulting 
in the low B/C ratios produced. This raises the question: are the non-financial aspects that 
would result from decreased crashes more valuable than the financial costs of a few seconds 
of delay added to a motorist's trip at one intersection each day? 
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Table 6.3: Summary of Benefit-Cost ratios for safety and operational improvements 
Safety Operational 
Improvement Improvement 
B/C B/C 
<1 >1 <1 >1 
4 6 11 2 
For operational improvements, eleven of the thirteen study sites produced a B/C ratio 
greater than 1.0. This suggests the ability of operational improvements to produce significant 
savings from both reduced delay and fuel usage during the peak hour. These benefits had a 
tendency to outweigh any financial costs that may have been incurred from increased crash 
costs. In the cases where crashes and their associated costs increased, consideration is 
needed as to whether the savings accrued from improved operations were justifiable 
compared to the impacts on society of the potential degradation of safety. 
From the results of the Benefit-Cost analysis, it would appear that operational 
improvements are more attractive than safety improvements, from a financial perspective. 
Care must be taken in this interpretation however. Crashes, being rare events which do not 
occur daily, do not accumulate the same level of cost savings as delay reductions, which can 
occur on a daily basis. As a result, in many cases safety improvements were only financially 
advantageous when they also produced significant operational benefits for a site. It was 
possible however, for operational improvements to appear to be beneficial despite estimated 
increases in crash costs. As a result, the Benefit-Cost analysis should not be the sole 
determinant of whether a set of countermeasures should be implemented. 
As stated earlier, there were limitations to the Benefit-Costs analysis procedure 
employed here. The costs utilized were estimates (addition of turn lane, signalization) or 
may fluctuate (gasoline prices). As a result, the B/C ratios which were computed for this 
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research have the potential to fluctuate, based on the assumptions employed. This fluctuation 
can have a significant effect on the B/C ratio and subsequently, the financial attractiveness of 
implementation. 
In addition, the costs and benefits of increased or decreased delay were only 
computed for the peak hour, as full movement data for a 24 hour period were not available. 
It is entirely possible that delay savings may have only occurred during the peak hour and not 
during other times of the day. The result could potentially be an incorrect conclusion that the 
operational countermeasures produced a financial benefit when in fact, over the course of a 
day, they produced a loss. This must be kept in mind when considering the results of the 
Benefit-Cost analysis presented in this research. 
Based on the findings both the crash rate and delay analysis, as well as the Benefit-
Cost analysis, a broad statement such as "all operational changes have a positive impact on 
safety" or "all safety changes have a negative impact on operations" cannot be made. The 
case studies showed that safety changes were more likely to produce operational declines. 
This was further illustrated in the B/C analysis, where there was a cost savings in terms of 
crashes but a financial loss in terms of increased delay and fuel usage. This, of course, 
depends on the safety treatments applied. For example, a lengthening of the yellow clearance 
and all red times for all approaches is likely to lead to increases (albeit small) in delay. 
Operational improvements may or may not lead to safety improvement at the approach level, 
although in many cases in this research they did produce improvements at the intersection 
level. These safety improvements did not necessarily result in crash cost savings. 
157 
Policy Implications 
While the research presented was exploratory in nature, it demonstrates the potential 
for an assessment tool for planning and design, as well as analysis. This extends beyond the 
one dimensional nature of existing and developing tools such as the Interactive Highway 
Safety Design Module and the Highway Safety Manual by taking operations into account 
when examining safety. By taking operations into account, the analyst is provided with a 
better picture of how myriad decisions interact with one another. 
From a planning and design standpoint, understanding how safety and operations are 
affected by design variables (geometries, signal schemes, etc.) is crucial in providing a safe 
yet efficient facility. Such an understanding would prevent the redesign and reconstruction 
of inefficient designs to address safety or operational problems. 
Similarly, from an analysis standpoint, the methodology examined in this research 
could facilitate a clearer understanding of how the countermeasures employed to address 
existing safety or operational problems would impact their counterpart. This understanding 
would allow the analyst to avoid implementing countermeasures unless they did not result in 
excessively negative impacts on operations or safety. 
Limitations 
The dataset available for use in this research consisted of the majority of high speed 
signalized intersection sites in the state. While this small sample size and subsequent lack of 
data were addressed by utilizing hierarchical Bayesian methods to specify the model, the 
limited amount of data available may have produced counterintuitive results. For example, 
Future research/analysis should attempt to utilize a larger dataset to overcome the potential 
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for such counterintuitive results. The use of a larger dataset should alleviate the occurrence 
of such results. 
Given the exploratory nature of this research, definitive guidance as to what specific 
treatments produces specific improvements or declines to safety and operations have not 
been made. In order to make such statements, 
In terms of operations, this research only focused on the peak hour of traffic at each 
intersection. Future research should examine not only the peak hour, but also traffic 
throughout the day. The peak hours are of interest for operational breakdowns, but there may 
be other periods of the day which might require different treatments to address concerns in 
addition to those implemented to address the peak hour problems of this research. It would 
be of interest to see how these treatments would impact not only safety, but also operations 
during the peak hour. 
Finally, only a limited number of variables in the model were found to have an effect 
on crashes. However, variables which did not have as great of an effect on crashes were still 
utilized in the assessment of tradeoffs, as this research sought to make an assessment of how 
a wide range of variables acting in concert impacted safety and operations. As a result, the 
predictions used in this research may not be entirely representative of what could be 
expected. Rather, the results of this work should be considered exploratory in nature. 
Conclusions 
This dissertation utilized a zero-inflated Poisson model specified in a hierarchical 
Bayesian framework and Synchro to assess the tradeoffs between safety and operational 
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improvements. Case studies allowed for these relationships to be quantified, and Benefit-
Cost analysis was employed to further expand and analyze these relationships. 
Given the exploratory nature of this research and the results produced, some general 
trends were observed. For example, safety improvements lead to a deterioration of 
operations at the approach level. Benefit-Cost analysis further illustrated that, when such 
cases occurred, it was not financially effective to implement the selected countermeasures, 
regardless of the expected impact on reducing crashes. However, from a non-financial 
standpoint, the observed trends provide an idea of the impact that safety or operational 
changes will have. 
While the methodology developed is straightforward, the practicality of its use by 
practitioners may be limited. In order to evaluate the impacts of a wide array of potential 
safety and operational countermeasures, a good deal of data from a variety of sources must 
be utilized. The existence of such data in a comprehensive database available to practitioners 
is rare. The collection and dissemination of this data and is a costly affair, both in terms of 
dollars and time. 
Should the data be available to practitioners, they are still faced with the daunting 
task of model development and its specification in a Bayesian framework. This is not a 
trivial task and should not by attempt by those unfamiliar with higher end statistics. As the 
research and application of hierarchical Bayesian statistics to traffic safety expands in 
breadth and depth, the practical application of such techniques by practitioners through 
specific software or detailed procedural manuals should remove this hurdle. Once the 
barriers of data availability and statistical expertise are conquered, the applicability of the 
methodology by practitioners would be achievable. 
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Te results of this research are not intended to be a replacement for sound engineering 
judgment. Simply because an operational or safety improvement did not show an adverse 
impact through the model and simulation on its counterpart does not mean the 
countermeasure should be implemented. This is illustrated by the results of the Benefit-Cost 
analysis. Experience still needs to be utilized, as does fiscal responsibility. While an 
improvement may have an impact during the peak hour, it may provide no benefits for the 
other 23 hours of the day. To make an improvement in such a case would be a waste of 
resources which could be better used elsewhere in the system. 
Recommendations 
Based on the methodology developed in this research, future research should be 
performed to determine its applicability to other portions of the transportation network. For 
example, it would be of interest to apply the ideas of this research to highway segments and 
unsignalized intersections. The analysis of highway segments would be particularly 
interesting given the different nature and metrics of such facilities compared to intersections. 
It would also be of interest to take signal coordination into consideration. This could 
not be done with the intersections used for this research as they were isolated in nature. Such 
research would extend the application of the method established in this work to signalized 
sites located in more developed areas. 
While the Bayesian p-values computed to assess model performance demonstrated 
that the model was reasonable and effective, the occurrence of counterintuitive relationships 
is of concern. This may have been the result of the limited data available for this research. 
The use of larger, more extensive datasets in future research should alleviate this concern. 
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A before and after study involving the implementation of selected countermeasures 
for the comparison of expected crashes and those which occurred in the period following the 
treatment would be of interest as well. For example, this analysis could be performed at sites 
where modifications such as a turn lane addition intended to improve operations were made. 
Such an analysis would require historical geometric information to be acquired, which may 
or may not be available. 
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Appendix A: Study Locations 
County City East/West Street North/South Street 
Polk Altoona 8th Street SW 8th Court SW/Scenic View Boulevard 
Polk Altoona Adventureland Drive/9th Street NW US 6 (Hubbell Avenue) 
Story Ames Billy Sunday Road/Airport Road US 69 (S Duff Avenue) 
Story Ames Frontage Road/Bloomington Road Grand Avenue 
Story Ames Mortensen Parkway Elwood Drive 
Story Ames 13th Street Dayton Avenue 
Story Ames S 16th Street/Parking Lot Entrance Elwood Drive 
Polk Ankeny Magazine Road US 69 (S Ankeny Boulevard) 
Polk Ankeny IA 160 (Oralabor Road) /IA 415 SW State SVIA415 (SW State St) 
Polk Ankeny LA 160 (Oralabor Road) SE Delaware Avenue 
Polk Ankeny LA 415 (Oralabor Road) SW Irvinedale Drive/SW 28th Street 
Linn Cedar Rapids LA 100 (Collins Drive) Council Street 
Linn Cedar Rapids LA 100 (Collins Drive) Rockwell Drive 
Linn Cedar Rapids 16th Avenue SW West Post Road 
Linn Cedar Rapids 16th Avenue SW Wiley Boulevard 
Linn Cedar Rapids Ellis Road Edgewood Road 
Linn Cedar Rapids Glass Road Edgewood Road 
Linn Cedar Rapids 42nd Street NE Edgewood Road 
Polk Clive US 6 (Hickman Road) NW 111th Street 
Polk Clive US 6 (Hickman Road) NW 104th Street/Frontage Road 
Polk Des Moines Sutton Place/Frontage Road Merle Hay Road 
Polk Des Moines US 6 (Hubbell Avenue) NE 46 th Avenue 
Polk Des Moines NE 46th Avenue (NE Broadway Ave) US 69 (NE 14th Street) 
Polk Des Moines NE 51st Avenue US 69 (NE 14th Street) 
Polk Des Moines NE 66th Avenue US 69 (NE 14th Street) 
Polk Des Moines NE 46th Avenue (NW Broadway Ave) IA 415 (NW 2nd Avenue) 
Polk Des Moines NW 47th/48th Place/ LA 415 (2nd Avenue) 
Polk Des Moines NW 54th Avenue IA 415 (2nd Avenue) 
Polk Des Moines Park Avenue IA 28 (63rd Street) 
Polk Des Moines Army Post Road Indianola Avenue 
Dubuque Dubuque US 52/Twin Valley Drive US 151 (US 61) 
Dubuque Dubuque Locust Connector US 151 (US 61) 
Dubuque Dubuque Maquoketa Drive US 151 (US 61) 
Dubuque Dubuque US 20 (Dodge Street) Old Highway Road 
Dubuque Dubuque US 20 (Dodge Street) Devon Drive 
Dubuque Dubuque US 20 (Dodge Street) Crescent Ridge 
Dubuque Dubuque Chavenelle Drive Northwest Arterial 
Dallas Granger F31 IA 141 
Polk Grimes NW 54th Avenue LA 141 
Johnson Iowa City IA 1 Westport Plaza 
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Johnson Iowa City IA 1 Sunset Street 
Johnson Iowa City LA 6 Fairmeadows Boulevard 
Johnson Iowa City IA 6 Industrial Park Road/Lakeside Drive 
Marshall Marshalltown Berle Road Center Street 
Marshall Marshalltown Iowa Avenue Center Street 
Marshall Marshalltown Merle Hibbs Road Center Street 
Polk Pleasant Hill IA 163 NE 80th Street 
Polk Pleasant Hill LA 163 N Hickory Boulevard 
Polk Pleasant Hill IA 163 NE 56th Street 
Polk Urbandale Douglas Avenue 83rd Street 
Polk Urbandale Douglas Avenue Mary Lynn Drive 
Polk Urbandale Douglas Avenue 86th Street 
Blackhawk Waterloo University Avenue Holiday Station 
Blackhawk Waterloo US 63 (Sergeant Road) Fletcher Avenue 
Blackhawk Waterloo Airline Highway US 63 (Logan Avenue) 
Blackhawk Waterloo Shaulis Road US 218 (Washington Street) 
Blackhawk Waterloo University Avenue Midway Drive 
Blackhawk Waterloo University Avenue Progress Avenue 
Blackhawk Waterloo University Avenue K-Mart 
Blackhawk Waterloo University Avenue Falls Avenue 
Blackhawk Waterloo University Avenue Sager Avenue 
Blackhawk Waterloo University Avenue Wallgate Avenue 
Blackhawk Waterloo University Avenue Fletcher Avenue 
Blackhawk Waterloo San Maman Drive Ansborough Avenue 
Blackhawk Waterloo San Maman Drive Kimball Avenue 
Blackhawk Waterloo San Maman Drive IA 21 (Hawkeye Road) 
Blackhawk Waterloo Ridgeway Avenue Deere Road 
Blackhawk Waterloo Downing Avenue Katoski Drive 
Blackhawk Waterloo Broadway Street Longfellow Avenue/Donald Street 
Blackhawk Waterloo Broadway Street Cedar Bend Street 
Blackhawk Waterloo Greenhill Road Katoski Drive 
Blackhawk Waterloo Maynard Avenue Greenhill Road 
Blackhawk Waterloo Rainbow Drive Greenhill Road 
Blackhawk Waterloo University Avenue Ansborough Avenue 
Blackhawk Waterloo Broadway Street Burton Avenue 
Blackhawk Waterloo San Maman Drive Shoppers Boulevard 
Blackhawk Waterloo Dubuque Road Idaho Street/Adrian Street 
Blackhawk Waterloo US 63 (Sergeant Road) Ansborough Avenue 
Blackhawk Waterloo Hawthorne Avenue US 218 (Washington Street) 
Blackhawk Waterloo Ridgeway Avenue US 63 (Sergeant Road) 
Blackhawk Waterloo Mitchell Avenue US 218 (Washington Street) 
Blackhawk Waterloo W 3rd Street US 63 (Sergeant Road) 
Blackhawk Waterloo Broadway Street Wagner Road 
Blackhawk Waterloo Orange Road IA 21 (Hawkeye Road) 
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Appendix B: Coding Scheme of Database Variables 
Field Description 
COUNTY County name 
CITY City Name 
ID Intersection diagram ID number 
INT ID Intersection shapefile point number 
STREET NAME Name of street for each approach 
1 = South 
2=East 
3=North 
4=West 
location of approach (N,S,E or W) 
Entering volume on the approach (average of 2001-2003) 
speed limit on approach 
speed limit on opposing approach 
Number of left turn lanes present (none= 0, 1,2) 
Length of left turn lane (0 if no lane present) 
Width of left turn lane (0 if no lane present) 
Presence of left turn arrow 
1= left turn arrow is present 
2 =left turn arrow is not present (no prot phase) 
0 = none or not applicable 
Number of thru lanes present 
APPRNO 
APPR 
EnterVol 
SPDLIM 
OPPSPD 
LEFT 
LeftJLength 
LeftWidth 
LA 
THRU 
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Width of thru lanes (individual lane width, not combined) 
Number of right turn lanes present (none= 0, 1,2) 
Length of right turn lane (0 if no lane present) 
Width of right turn lane (0 if no lane present) 
Type of median 
2 = barrier median 
3 = flush painted median 
4 = raised with grass 
5 = flush (non-raised) with grass 
0 = none or not applicable 
Width of median (0 if none present) 
Percent grade on approach (blank if approach not present) 
Shoulder type 
0 = None present/not applicable 
1 = Gravel 
2 = Earth 
3 = Curbed 
4 = Paved 
Shoulder Width Shoulder width in feet (0 if a curb is present of if no approach) 
Distance of driveway on the approach from the intersection in feet 
Drive (0 if no driveway present or approach not present) 
Crosswalk Crosswalk Present (0 if none, 1 if present) 
Pedestrian crossing signal present on the approach 
PEDX (0 if none, 1 if present) 
Light Streetlight present along this leg (0 if none, 1 if present) 
ThruWidth 
RIGHT 
RightLength 
RightJWidth 
MEDIAN 
MedianWidth 
Grade 
Shoulder 
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Scheme 
MIN_LT 
M A X L T  
MIN_Thru 
MAX Thru 
LJ+R 
T Y+R 
LU 
Signalization scheme for left turns 
0 = Permitted 
1 = Protected/Split 
2 = Permitted/protected 
Minimum length of left turn signal (if protected 
protected/permitted) 
Maximum length of left turn signal (if protected 
protected/permitted) 
Minimum green time for thru movements 
Maximum green time for thru movements 
Yellow and all red time for left turns 
Yellow and all red time for Thru movements 
Land use on the approach 
1 = Commercial 
2 = Industrial 
3 = Residential 
4 = Recreational 
5 = Undeveloped/Farmland 
6 = Public 
R T V C  
T h r u V C  
L T V C  
DELAY 
LOS 
Int 
Right turn volume/capacity ratio 
Thru volume/capacity ratio 
Left turn volume/capacity ratio 
Approach delay, in seconds 
Approach Level of Service (A - F) 
Intersection Level of Service (A - F) 
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Appendix C: WinBUGs Code - Model 2 and P-Value Code 
Note: the initial data have been removed for simplicity. 
WinBUGs Code: 
model 
{for (j in 1:12){ 
for (k in 1:3){ 
for (I in 1:3){ 
for ( m in 1:4){ 
log(lambdaOT[j, k,l,m])<-BETAT 15[j,k,l,m]+BETAT 16[j,k,l,m] 
BETAT15[j,k,l,m]<-beta[1 ,m]+beta[2,m]*SPDT0,k]+beta[3,m]*OPPSPDT0,k]+beta[4,m] * 
LFLNGT[j,k]*M1T[i] + beta[5,m] * RHLNGT[j,k]*(1-M1T[l]-M2T[l])+ 
beta[6,m]*MWIDT[j,k]+beta[7,m]*DRVT|j,k]+beta[8,m]*LITT[j,k]+beta[9,m]*SCHT2[j,k]*M1T[l]+beta[10,m]*SCHT3 
[j,k]*M1T[l]+ 
beta[11,m]*MINLTT0,k]*M1T[l]+beta[12,m]*MAXLTT[j,k]*M1T[l]+beta[13,m]iMINTHUT[j,k]*(1-
SCHT3[j,k]*M1T[i]) 
BETAT16[j,k,l,m]<-beta[14,m]*MAXTHUT[j,k]*(1 -
SCHT3[j,k]*M1T[l])+beta[15,m]*LYRT[j,k]*M1T[l]+beta[16,m]*TYRT[j,k]*M2T[l]+beta[17,m] * DELYT0,k]+ 
beta[18,m]*LUT1[j,k]+beta[19,m]*LUT2[j,k]+beta[20,m]*LUT3[j,k]+beta[21,m]*LUT4[j,k]+beta[22,m]*LUT5D,k]+bet 
a[23,m]*LOST[j,k]+ 
beta[24,m]*APPR1T[j,k]+beta[25,m]*APPR2T[j,k]+beta[26,m]*APPR3T[j,k]+beta[27,m]*M1T[l]+beta[28,m]*M2T[l] 
+id[j] 
muOT[j,k,l,m]<-lambdaOT[j,k,l,m]*ENTERVOLT[j,k] 
yT[j,k,l,m]~dpois(mu1T[mud1T[j,k,l,m],j,k,l,m]) 
mudOT[j,k,l,m]~dbern(theta) 
mud1T[j,k,l,m]<-mudOT[j,k,l,m)+1 
mu1T[1 ,j,k,l,m]<-muOT[j,k,l,m] 
mu1T[2,j,k,i,m]<-0 
muT[j,k,l,m]<-mu1T[mud1[j,k,l,m],j,k,l,m] 
} 
} 
} 
} 
for (j in 1:73){ 
for (k in 1:4){ 
for (I in 1:3){ 
for (m in 1:4){ 
Iog(lambda0[j, k,l,m])<-BETA150,k,l,m]+BETA16[j,k,l,m] 
BETA150,k,l,m]<-beta[1,m]+beta[2,m]*SPD[j,k]+beta[3,m]*OPPSPD0,k]+beta[4,m] * LFLNG0,k]*M1[i] + 
beta[5,m] * RHLNG[j,kr(1-M1[l]-M2[l])+ 
beta[6,m]*MWID[j,k]+beta[7,m]*DRV[j,k]+beta[8,m]*LIT[j,k]+beta[9,m]*SCH20,k]*M1[l]+beta[1O,m]*SCH30,k]*M1[l 
]+ 
beta[11,m]*MINLT[i,k]*M1[l]+beta[12,mrMAXLT0,k]*M1[l]+beta[13,mrMINTHU0,k]*(1-
SCH3[j,k]*M1[l]) 
BETA160,k,l,m]<-beta[14,m]*MAXTHU[j,k]*(1-
SCH3[j,k]*M1[l])+beta[15,m]*LYR[j,krM1[l]+beta[16,m]*TYR[j,k]*M1 [l]+beta[17,m] * 
DELY[j,k]+beta[18,m]*LU1 [j,k]+ 
beta[19,m]*LU20,k]+beta[2O,m]*LU3[j,k]+beta[21 ,m]*LU4[j,k]+beta[22,m]*LU5U,k]+beta[23,m]*LOS[j,k]+beta[24, 
m]*APPR1[j,k]+ 
beta[25,m]*APPR20,k]+beta[26,m]*APPR30,k]+beta[27,m]*M1[i]+beta[28,m]*M2[l]+id[G+12)] 
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muOO,k,l,m]<-lambdaOO,k,l,m]*ENTERVOL[j,k] 
yO,k,l,m]~dpois(mu1[mud1[j,k,l,m],j,k,l,m]) 
mudO0,k,l,m]~dbern(theta) 
mud10,k,l,m]<-mudO[j,k,l,m]+1 
mu1[1 ,j,k,l,m]<-muO[j,k,l,m] 
mu1[2,j,k,l,m]<-0 
mu[j,k,l,m]<-mu1 [mud1 [j,k,l,m],j,k,l,m] 
} 
} 
} 
} 
for (j in 1:85){id[j]~dnorm(0.0,tau.bw)} 
for(i in 1:28) {for (j in 1:4){beta[ij]~dnorm(mubeta[i],tau.beta[i])}} 
for(i in 1:28){ 
mubeta[i]~dnorm(0,0.001 ) 
tau.beta[i]~dgamma(0.01,0.01) 
sigma.beta[i]<-1/sqrt(tau.beta[i]) 
} 
tau.bw~dgamma(0.01,0.01 ) 
sigma. bw<-1 /sq rt(tau. bw) 
logit(theta)<-delta 
delta-dnorm(0,0.001 )} 
data 
iist( 
y=structure(.Data=c(numtier of crashes per 4 approach site j, per approach, k per movement, I per severity, with 
m, the order of data, as 
j kim=1111,1112,1113,1114,1121,1122,1123,1124 1211,1212,1213,1214....),.D\m=c(73,4,3,4)), 
SPD=structure(.Data=c(SPD per 4 approach site j, per approach k, with the order of data as 
jk= 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4))„ 
OPPSPD=structure(.Data=c(OPPSPD per 4 approach site j, per approach k, with the order of data as 
j k = 11,12,13,14,21,22,23,24..,),.Dim=c(73,4))„ 
LFLNG=structure(.Data=c(LFLA/G per 4 approach site j, per approach k, with the order of data as 
j k = 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4))„ 
RHLNG=structure(.Data=c(RHLNG per 4 approach site j, per approach k, with the order of data as 
jk= 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4))„ 
MWI D=structure(. Data=c(MlV/D per 4 approach site j, per approach k, with the order of data as 
j k = 11,12,13,14,21,22,23,24..,),.Dim=c(73,4)), 
DRV=structure(.Data=c(DRV per 4 approach site j, per approach k, with the order of data as 
j k = 11,12,13,14,21,22,23,24..,),.Dim=c(73,4)), 
LIT=structure(.Data=c(/-/7~ per 4 approach site j, per approach k, with the order of data as 
jk= 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
SCH2=structure(.Data=c( wbefher "SCH==2" (yes=1 ,no=0) per 4 approach site j, per approach k, with the order 
of data asjk= 11,12,13,14,21,22,23,24.. .),.Dim=c(73,4)), 
SCH3=structure(.Data=c( whether "SCH==3" (yes=1,no=0) per 4 approach site j, per approach k, with the order 
of data asj k= 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
Ml N LT=structure(. Data=c(M/ML T per 4 approach site j, per approach k, with the order of data as 
j k = 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
M AXLT=structure(. Data=c(MAXL T per 4 approach site j, per approach k, with the order of data as 
jk = 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
MINTHU=structure(.Data=c(M//V7HU per 4 approach site j, per approach k, with the order of data as 
j k = 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
MAXTHU=structure(.Data=c(MAX7Hl/ per 4 approach site j, per approach k, with the order of data as 
jk= 11,12,13,14,21,22,23,24...),. Dim=c(73,4)), 
LYR=structure(.Data=c(LVR per 4 approach site j, per approach k, with the order of data as 
jk= 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
TYR=structure(.Data=c(7YR per 4 approach site j, per approach k, with the order of data as 
jk= 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
DELY=structure(.Data=c(D£/_Y per 4 approach site j, per approach k, with the order of data as 
jk = 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
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W\=siructure{.Data=c("LU==1" (yes=1 ,no=0) per 4 approach site j, per approach k, with the order of data as j k 
= 11,12,13,14,21,22,23,24.. .),.Dim=c(73,4)), 
LU2=structure(.Data=c(Tl'==2" (yes=1,no=0) per 4 approach site j, per approach k, with the order of data as j k 
= 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
LU3=structure(.Data=c(TU==3" (yes=1 ,no=0) per 4 approach site j, per approach k, with the order of data as j k 
= 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
LU4=structure(.Data=c(Tl/==4" (yes=1 ,rto=0) per 4 approach site j, per approach k, with the order of data as j k 
= 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
LU5=structure(.Data=c(TU==5" (yes=1 ,no=0) per 4 approach site j, per approach k, with the order of data as j k 
= 11,12,13,14,21,22,23,24.. .),.Dim=c(73,4)), 
LOS=structure(.Data=c(LOS per X-shaped site j, per approach k, with the order of data as 
jk= 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
APPR1 =structure(.Data=c("APPR==7" (yes=1 ,no=0) per 4 approach site j, per approach k, with the order of data 
asjk - 11,12,13,14,21,22,23,24.. .),.Dim=c(73,4)), 
APPR2=struc\ure{.Data=c{"APPR==2" (yes=1 ,no=0) per 4 approach site j, per approach k, with the order of data 
asjk = 11,12,13,14,21,22,23,24.. ,),.Dim=c(73,4)), 
APPR3=structure(.Data=c("APPR==3" (yes=1 ,no=0) per 4 approach site j, per approach k, with the order of data 
asj k = 11,12,13,14,21,22,23,24...),.Dim=c(73,4)), 
ENTERV0L=structure(.Data=c(£A/7£RV0Z- per 4 approach site j, per approach k, with the order of data as 
jk = 11,12,13,14,21,22,23,24...),. Dim=c(73,4)), 
M1=c(1,0,0),M2=c(0,1,0), 
yT=structure(.Data=c(number of crashes per T-shaped site j, per approach k, per movement I, per severity m, 
with the order of data as, 
jklm=1111,1112,1113,1114,1121,1122,1123,1124 1211,1212,1213,1214....),. Dim=c(12,3,3,4)), 
SPOT=structure(. Data=c(SPD per T-shaped site j, per approach k, with the order of data as 
j k = "11,12,13,14,21,22,23,24,... "),.Dim=c(12,3)), 
OPPSPDT=structure(.Data=c(OPPSPD per T-shaped site j, per approach k, with the order of data as 
jk = "11,12,13,14,21,22,23,24,... "),.Dim=c(12,3)), 
LFLNGT=structure(.Data=c (LFLNG per T-shaped site j, per approach k, with the order of data as 
jk = "11,12,13,14,21,22,23,24,... "),.Dim=c(12,3)), 
RHLNGT=structure(.Data=c(RHL/VG per T-shaped site j, per approach k, with the order of data as 
jk = "11,12,13,14,21,22,23,24,... "),.Dim=c(12,3)), 
MWI DT=structure(.Data=c(MVWD per T-shaped site, j per approach k, with the order of data as 
j k = "11,12,13,14,21,22,23,24,... "),.Dim=c(12,3)), 
DRVT=structure(.Data=c(DRV per T-shaped site j, per approach k, with the order of data as 
jk = "11,12,13,14,21,22,23,24,... "),.Dim=c(12,3)), 
LITT=structure(.Data=c{LIT per T-shaped site j, per approach k, with the order of data as 
jk = "11,12,13,14,21,22,23,24,... "),.Dim=c(12,3)), 
SCHT2=structure(.Data=c("SCH==2" (yes=1 ,no=0) per T-shaped site j, per approach k, with the order of data as 
j k = "11,12,13,14,21,22,23,24..."),.Dim=c(12,3)), 
SCHT3=structure(.Data=c( "SCH==3" (yes=1 ,no=0) per T-shaped site j, per approach k, with the order of data as 
j k = "11,12,13,14,21,22,23,24...'I.D\m=c(12,3)), 
MINLTT=structure(.Data=c(M/A/if per T-shaped site j, per approach k, with the order of data as 
jk = "11,12,13,14,21,22,23,24,. ,.),.Dim=c(12,3)), 
MAXLTT=structure(.Data=c(MAXL7 per T-shaped site j, per approach k, with the order of data as 
j k = "11,12,13,14,21,22,23,24,...),.Dim=c(12,3)), 
Ml NTH UT=structure(. Data=c(M//V7/-/U per T-shaped site j, per approach k, with the order of data as 
jk = "11,12,13,14,21,22,23,24,... ),.Dim=c(12,3)), 
MAXTHUT=structure(.Data=c(MAX7HU per T-shaped site j, per approach k, with the order of data as 
jk = "11,12,13,14,21,22,23,24,... ),.Dim=c(12,3)), 
LYRT=structure(.Data=c(L YR per T-shaped site j, per approach k, with the order of data as 
j k = "11,12,13,14,21,22,23,24,...),.Dim=c(12,3)), 
TYRT=structure(.Data=c(7YR per T-shaped site j, per approach k, with the order of data as 
j k = "11,12,13,14,21,22,23,24,.. ,),.Dim=c(12,3)), 
DELYT=structure(.Data=c(DEZ.Y per T-shaped site j, per approach k, with the order of data as 
j k = "11,12,13,14,21,22,23,24, ...),Dim=c(12,3)), 
LUT 1 =structure(.TU==7" (yes=1 ,no=0) per T-shaped site j, per approach k, with the order of data as 
j k = "11,12,13,14,21,22,23,24.Dim=c(12,3)), 
LUT2=structure(. Data=c(.TU==2"fyes= 7, no=Oj per T-shaped site j, per approach k, with the order of data as jk 
= "11,12,13,14,21,22,23,24.Dim=c(12,3)), 
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LUT3=structure(.Data=c( "LU==3" (yes=1,no=0) per T-shaped site j, per approach k, with the order of data as j k 
= "11,12,13,14,21,22,23,24. ,."),.Dim=c(12,3)), 
LUT 4=structure(. Data=c( "LU==4" (yes=1 ,no=0) per T-shaped site j, per approach k, with the order of data as j k 
= "11,12,13,14,21,22,23,24.. ,"),.Dim=c(12,3)), 
LUT5=structure(.Data=c( "LU==5" (yes=1 ,rto=0) per T-shaped site j, per approach k, with the order of data as j k 
= "11,12,13,14,21,22,23,24..."),.Dim=c(12,3)), 
LOST=structure(. Data=c(LOS per T-shaped site j, per approach k, with the order of data as 
j k = "11,12,13,14,21,22,23,24, ...),.Dim=c(12,3)), 
AP P R1T=structu re(. Data=c( "APPR==1" (yes=1 ,no=0) per T-shaped site j, per approach k, the order of data as j 
k = "11,12,13,14,21,22,23,24. ,."),.Dim=c(12,3)), 
APPR2T=structure(. Data=c( "APPR==2" (yes=1,no=0) per T-shaped site j, per approach k, with the order of data 
asj k = "11,12,13,14,21,22,23,24...'),. Dim=c(12,3)), 
APPR3T=structure(.Data=c( "APPR==3" (yes=1,no=0) per T-shaped site j, per approach k, with the order of data 
asj k = "11,12,13,14,21,22,23,24. ,."),.Dim=c(12,3)), 
ENTERVOLT=structure(.Data=c(ENTERVOL per T-shaped site j, per approach k, with the order of data as 
j k = "11,12,13,14,21,22,23,24,..,),.Dim=c(12,3)), 
M1 T=c(1,0,0),M2T=c(0,1,0) 
) 
initials 
list(beta=structure(.Data=c(-13.75, -9.424, -11.14, -8.614, 0.011048, -0.06645, -0.03797, 
-0.02559, 0.015185, 0.04477, 0.04359, 0.015359, 0.011488, 0.011601, 
0.011474, 0.0101418, 0.008535, -0.00918, 0.010865, 0.01207, 0.02324, 
0.013322, -0.00616, 0.004086, 0.000891, 0.007265, 0.008172, 0.00868, 
-0.1979, -0.2577, -0.02965, 0.10092, 9.844, 10.04, 9.994, 10.1, 
9.595, 9.795, 9.406, 9.731, 0.1781, 0.06067, 0.06595, 0.04005, 
-0.08047, -0.0172, -0.01916, 0.012138, -0.00826, -0.00733, 0.012184, 
0.011957, 0.03668, 0.016669, 0.02916, 0.013029, -0.07741,-0.1729, 
-0.1128, -0.091, 0.04526, -0.03221, 0.0396, 0.001546, -0.00204, 
0.0105486, 0.011226, 0.0102241,-0.1874, -0.343, -0.2358, -0.2669, 
-0.2129, -0.1041,-0.1873, -0.2152, -0.572, 0.0092976, -0.08864, 
-0.05076, -0.00716, -0.2077, -0.1303, -0.07187, -0.5364, -0.4951, 
-0.1603, -0.4749, 0.02881,-0.0924, -0.05362, 0.006788, 0.10322, 
0.07191,-0.02096, 0.04774, 0.09475, 0.03381, 0.04855, 0.003759, 
0.016595, 0.10885, 0.0421,-0.0851,-9.016, -8.712, -8.983, -8.953, 
2.21, 1.867,2.272, 1,893),.Dim=c(28,4)), 
mubeta=c(-10.62, -0.03291, 0.02839, 0.012474, 0.006546, 0.0091387, 0.007026, 
-0.0983, 9.988, 9.636, 0.08818, -0.0256, 0.0000250000000000007, 
0.02411,-0.1159, 0.013952, 0.007803, -0.2574, -0.1725, -0.1842, 
-0.1073, -0.4141,-0.02927, 0.04575, 0.0476, 0.018565, -8.918, 
2.059), 
tau.beta=c(0.0968676020396055, 56.1937921593926, 64.9316496989444, 70.3797126255574, 
63.7956904735171, 61.9026012092054, 67.7403512337212, 8.59481555568792, 
5.80635796196836, 3.09522241277787, 27.2685750124413, 45.592130068876, 
64.7228663945286, 67.5178871762602, 20.1813251703909, 45.8394089649966, 
66.0982219578293, 15.4756503023014, 11.2607540200892, 3.50422700887172, 
8.37729668824518, 8.68113128335941, 27.7592407736611, 17.9090503206705, 
19.8235073493671, 15.5735197836651,5.51037051731358, 5.17940527582508), 
tau.bw=0.000921622,id=c(-0.7788, -0.1928, -0.08337, -0.5372, -0.1132, 0.09569, 0.2692, 
0.1496, -0.1576, 0.2888, 0.3185, -0.2102, -0.3165, 0.1104, -0.6932, 
0.06031, 0.004912, -0.2279, -0.05445, -0.2221,-0.2455, -0.5234, 
-0.2849, -0.5454, -0.336, 0.1333, -0.226, -0.1104, -0.03187, 
0.248, -0.3764, 0.3855, -0.01683, -0.00286, 0.3116, -0.2827, 
0.6316, 0.5624, 0.10429, -0.2429, 0.5108, 0.6829, 0.1727, 0.3738, 
0.1912, -0.2992, -0.1434, -0.38, 0.09587, 0.3962, 0.5207, -0.3641, 
-0.2001, -0.00708, -0.01135, 0.04178, 0.09885, 0.1394, 0.2951, 
0.5, 0.3236, 0.9531, 0.3477, 0.2015, 0.6779, -0.562, 0.5449, 
0.6906, -0.1333, -0.6461, 0.1818, 0.3012, -0.232, -0.5949, 0.2167, 
0.4211,-0.0993, -0.814,-0.05781, 0.3141, 0.5547, -0.204, -0.4808, 
-0.454, -0.05608),delta=-8.376, 
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mudO=structure(.Data=c(just 0 or 1),.Dim=c(73,4,3,4)), 
mudOT=structure(.Data=c(just 0 or 1),.Dim=c(12,3,3,4))) 
list(beta=structure(.Data=c(-13.77, -9.444, -11.16, -8.634, -0.008952, -0.08645, -0.05797, 
-0.04559, -0.004815, 0.02477, 0.02359, -0.004641, -0.008512, 
-0.008399, -0.008526, -0.0098582, -0.011465, -0.02918, -0.009135, 
-0.00793, 0.00324, -0.006678, -0.02616, -0.015914, -0.019109, 
-0.012735, -0.011828, -0.01132, -0.2179, -0.2777, -0.04965, 0.08092, 
9.824, 10.02, 9.974, 10.08, 9.575, 9.775, 9.386, 9.711, 0.1581, 
0.04067, 0.04595, 0.02005, -0.10047, -0.0372, -0.03916, -0.007862, 
-0.02826, -0.02733, -0.007816, -0.008043, 0.01668, -0.003331, 
0.00916, -0.006971, -0.09741, -0.1929, -0.1328, -0.111, 0.02526, 
-0.05221, 0.0196, -0.018454, -0.02204, -0.0094514, -0.008774, 
-0.0097759, -0.2074, -0.363, -0.2558, -0.2869, -0.2329, -0.1241, 
-0.2073, -0.2352, -0.592, -0.0107024, -0.10864, -0.07076, -0.02716, 
-0.2277, -0.1503, -0.09187, -0.5564, -0.5151,-0.1803, -0.4949, 
0.00881,-0.1124, -0.07362, -0.013212, 0.08322, 0.05191,-0.04096, 
0.02774, 0.07475, 0.01381, 0.02855, -0.016241,-0.003405, 0.08885, 
0.0221,-0.1051,-9.036, -8.732, -9.003, -8.973, 2.19, 1.847, 
2.252, 1.873),.Dim=c(28,4)), 
mubeta=c(-10.64, -0.05291, 0.00839, -0.007526, -0.013454, -0.0108613, 
-0.012974, -0.1183, 9.968, 9.616, 0.06818, -0.0456, -0.019975, 
0.00411,-0.1359, -0.006048, -0.012197, -0.2774, -0.1925, -0.2042, 
-0.1273, -0.4341, -0.04927, 0.02575, 0.0276, -0.001435, -8.938, 
2.039), 
tau.beta=c(0.0980849020950837, 77.7631583040166, 92.2780781429221, 101.619406867846, 
90.3583975480345, 87.180841835645, 97.066174864714, 9.69883093201595, 
6.40922929017785, 3.32510303829295, 33.9994390092564, 60.9399004607666, 
91.924522612973, 96.68477572516, 24.3624588152634, 61.3222675257508, 
94.2595909133754, 18.2316602260288, 12.9392888566844, 3.78212480073875, 
9.43839207552601, 9.8023493486731, 34.6836366764197, 21.374056896457, 
23.8884923399160, 18.3568558083662, 6.06663592904463, 5.68516596932421 ),tau.bw=0.0009227421, 
id=c(-0.7988, -0.2128, -0.10337, -0.5572, -0.1332, 0.07569, 0.2492, 
0.1296, -0.1776, 0.2688, 0.2985, -0.2302, -0.3365, 0.0904, -0.7132, 
0.04031,-0.015088, -0.2479, -0.07445, -0.2421, -0.2655, -0.5434, 
-0.3049, -0.5654, -0.356, 0.1133, -0.246, -0.1304, -0.05187, 
0.228, -0.3964, 0.3655, -0.03683, -0.02286, 0.2916, -0.3027, 
0.6116, 0.5424, 0.08429, -0.2629, 0.4908, 0.6629, 0.1527, 0.3538, 
0.1712, -0.3192, -0.1634, -0.4, 0.07587, 0.3762, 0.5007, -0.3841, 
-0.2201,-0.02708, -0.03135, 0.02178, 0.07885, 0.1194, 0.2751, 
0.48, 0.3036, 0.9331, 0.3277, 0.1815, 0.6579, -0.582, 0.5249, 
0.6706, -0.1533, -0.6661, 0.1618, 0.2812, -0.252, -0.6149, 0.1967, 
0.4011,-0.1193, -0.834, -0.07781, 0.2941, 0.5347, -0.224, -0.5008, 
-0.474, -0.07608),delta=-8.396, 
mudO=structure(.Data=cGust 0 or 1),.Dim=c(73,4,3,4)), 
mudOT=structure(.Data=c(just 0 or 1),.Dim=c(12,3,3,4)) 
) 
P-Value Code: 
mydata<-read.table("C:/Documents and Settings/dveneziano/Desktop/david/severity.txt",sep="\t",header=T) 
chain1<-read.table("C:/Documents and Settings/dveneziano/Desktop/david/CODAFORCHAIN1 .txt") 
chain2<-read.table("C:/Documents and Settings/dveneziano/Desktop/david/CODAFORCHAIN2.txt") 
BAYPVALUE<-function(data=mydata,Chain1=chain1 ,Chain2=chain2,ID,APPR) 
{###point estimates of betas### 
set.seed(8000) 
chain2sub<-chain1sub<-rep(0,11200) 
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int5<-(1:100)*5 
for (i in 1:112) 
{chainl sub[((i-1 )*100+1 ):(i*100)]<-chain1[((i-1 )*500+int5),2] 
chain2sub[((i-1 )*100+1 ):(i*100)]<-chain2[((i-1 )*500+int5),2]} 
id<-matrix(0,85,200) 
for (i in 1.85) 
{id[i,1:100]<-chain1 [(56000+(i-1 )*500+int5),2] 
id[i,101:200]<-chain2[(56000+(i-1)*500+int5),2]} 
beta<-matrix(0,28,800) 
beta[,c(1:100,201:300,401:500,601:700)]<-matrix(chain1sub[(1:11200)],28,400,byrow=T) 
beta[,c(101:200,301:400,501:600,701:800)]<-matrix(chain2sub[(1:11200)],28,400,byrow=T) 
theta<-rep(0,200) 
theta[1:100]<-chain1 [(141500+int5),2] 
theta[101:200]<-chain2[(141500+int5),2] 
Z<-matrix(0,12,200) 
###c(3,4)### 
for(i in 1:200){Z[,i]<-rbinom(12,1 ,theta[i])} 
###data### 
mydata$APPR1 <-mydata$APPR*(mydata$APPR==1 ) 
mydata$APPR2<-mydata$APPR*(mydata$APPR==2)/2 
mydata$APPR3<-mydata$APPR*(mydata$APPR==3)/3 
mydata$SCH2<-mydata$Scheme*(mydata$Scheme==2)/2 
mydata$SCH3<-mydata$Scheme*(mydata$Scheme==3)/3 
mydata$LU 1 <-mydata$LU*(mydata$LU==1 ) 
mydata$LU2<-mydata$LU*(mydata$LU==2)/2 
mydata$LU3<-mydata$LU*(mydata$LU==3)/3 
mydata$LU4<-mydata$LU*(mydata$LU==4)/4 
mydata$LU5<-mydata$LU*(mydata$LU==5)/5 
OBSind<-which(mydata$ID==ID&mydata$APPR==APPR) 
OBSval<-as.vector(mydata[OBSind,],mode="numeric") 
idind<-which(unique(mydata$ID)==ID) 
OBSid<-rep(id[idind,],4) 
###crashes summed over moverment and severity### 
muMS12<-matrix(0,12,200) 
for(l in 1:3) 
{M1<-(i==1)*1 
M2<-(l==2)*1 
coefORI<-c(1,OBSval[c(4:8,10,11,38:39,13:18,20,40:44,21,35:37)],M1,M2)*c(rep(1,3),M1,(1-M1-
M2),rep(1,3),M1,M1 ,M1 ,M1 ,(1-M1*OBSval[40]),(1-M1*C)BSval[40]),M1 ,M2,rep(1,12)) 
muMS12[(((i-1 )*4+1 ):(l*4)),]<-(1 -Z[(((l-
1)*4+1):(r4)),])*matrix((exp(coefORI%*%beta+OBSid)*OBSvai[3]),4,200,byrow=T)} 
PnumMS3<-muMS3<-matrix(0,3,200) 
for (i in 1:3) {muMS3[i,]<-apply(muMS12[((i-1)*4+seq(1:4)),],2,sum)} 
###PnumMS1 <-muMS1 <-matrix(0,1,200) 
###muMS1 [1 ,]<-apply(muMS12,2,sum) 
MATRIXALL<-matrix(0,3,9) 
coinames(MATRIXALL)<-c("SITE","APPR","OBS-VALUE","BAY-
P","MEAN","VARIANCE","2.5%","MEDIAN","97.5%") 
rownames(MATRIXALL)<-c("LEFT","THROU","RIGHT") 
for (i in 1:3){for (j in 1:200){ PnumMS3[i,j]<-rpois(1,muMS3[i,j])}} 
ORICRASH<-matrix(0,3,4) 
colnames(ORICRASH)<-c("MAJ","MIN","PDO","POS") 
rownames(ORICFRASH)<-c("L","T","R") 
for (i in 1:4) 
{ORICRASH[1 ,i]<-mydata[OBSind,(21 +i)] 
ORICRASH[2,i]<-mydata[OBSind,(25+i)] 
ORICRASH[3,i]<-mydata[OBSind,(29+i)]} 
MATRIXALL[,1]<-ID 
MATRIXALL[,2]<-APPR 
MATRIXALL[,3]<-apply(ORICRASH,1,sum) 
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for (i in 1:3){MATRIXALL[i,4]<-(sum((PnumMS3[i,]-MATRIXALL[i,3])>0)/200)} 
smuMS3<-matrix(0,3,5) 
colnames(smuMS3)<-c("MEAN","VARIANCE","2.5%","MEDIAN","97.5%") 
rownames(smuMS3)<-c("LEFT","THROU","RIGHT") 
for (i in 1:3) 
{smuMS3[i,1]<-mean(muMS3[i,]) 
smuMS3[i,2]<-var(muMS3[i,]) 
smuMS3[i,(3:5)]<-quantile((muMS12[i,]),probs=c(0.025,0.5,0.975))} 
MATRIXALL[,(5:9)]<-smuMS3 
###list(RESULTS=MATRIXALL,MEANS=smuMS3) 
MATRIXALL} 
###BAYPVALUE(ID=1128,APPR=3) 
RNUM<-sample((1:85), 10, replace = FALSE, prob = rep((1/85),85)) 
RSITE<-unique(mydata$ID)[RNUM] 
###> RNUM 
### [1] 6 16 34 25 56 33 81 72 74 41 
###> RSITE 
### [1] 1096 1091 1001 1057 1068 553 565 1014 669 1045 
SAP<-matrix(0,10,4) 
for (i in 1:10){temp<-which(mydata$ID==RSITE[i]) 
if (length(temp)==4) {SAP[i,]<-temp} 
else {SAP[i,(1:3)]<-temp}} 
RSIZE<-sum(SAP!=0) 
RESULTS<-matrix(0,(3*RSIZE),9) 
caltemp<-0 
for (i in 1:10){for (j in 1:4){if(SAP[i,j]!=0){ 
caltemp<-caitemp+1 
RESULTS[((caltemp-1)*3+seq(1:3)),]<-BAYPVALUE(ID=mydata$ID[SAP[i,j]],APPR=mydata$APPR[SAP[i,j]])}}} 
colnames(RESULTS)<-c("SITE","APPR","OBS-VALUE","BAY-
P","MEAN","VARIANCE","2.5%","MEDIAN","97.5%") 
rownames(RESULTS)<-rep(c("LEFT","THROU","RIGHT"),RSIZE) 
RESULTS 
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Appendix D: Gelman-Rubin, Autocorrelation and Kernel Density Statistics 
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Figure D.la: Gelman-Rubin statistics 
beta[1,3] chains 1:2 
iteration 
beta[2,3] chains 1:2 
iteration 
beta[3,3] chains 1:2 
iteration 
beta 4,3 chains 1:2 
iteration 
beta[5,3] chains 1:2 
iteration 
beta[6,3] chains 1:2 
iteration 
1.5 
1.0 
0.5 
0.0 
beta[1,4] chains 1:2 
7500 
iteration 
1.5 
1.0 
0.5 
0.0 
beta[2,4] chains 1:2 
7500 
iteration 
beta[3,4] chains 1:2 
iteration 
beta[4,4] chains 1:2 
iteration 
1.5 
1.0 
0.5 
0.0 
beta[5,4] chains 1:2 
7500 
iteration 
1.5 
1.0 
0 5 
0.0 
beta[6,4] chains 1:2 
7500 
iteration 
Ui 
beta 7,1] chains 1:2 
iteration 
beta[8,1 ] chains 1:2 
iteration 
beta[9,1 chains 1:2 
iteration 
beta 10,11 chains 1:2 
iteration 
beta 11,1 chains 1:2 
iteration 
1.5 
1.0 
0.5 
0.0 
beta[12,1] chains 1:2 
7500 
iteration 
1.5 
1.0 
0.5 
0.0 
1.5 
1.0 
0.5 
0.0 
1.5 
1.0 
0.5 
0.0 
beta[7,2] chains 1:2 
7500 
iteration 
beta[8,2] chains 1:2 
7500 
iteration 
beta[9,2] chains 1:2 
7500 
iteration 
beta[10,2) chains 1:2 
7500 
iteration 
1.0 
0.5 
0.0 
1.5 
1.0 
0.5 
0.0 
beta[11,2] chains 1:2 
7500 
iteration 
beta[12,2] chains 1:2 
7500 
iteration 
Figure D.lb: Gelman-Rubin statistics cont'd 
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Figure D.lc: Gelman-Rubin statistics cont'd 
beta[13,3] chains 1:2 
iteration 
beta 14,3] chains 1:2 
iteration 
beta 15,31 chains 1:2 
iteration 
beta[16,3] chains 1:2 
iteration 
betafi 7,31 chains 1:2 
iteration 
beta[l8,3] chains 1:2 
iteration 
beta[l3,4] chains 1:2 
iteration 
beta[14,4] chains 1:2 
iteration 
betafi 5,41 chains 1:2 
iteration 
beta[16,4] chains 1:2 
iteration 
beta[17,4] chains 1:2 
iteration 
beta[18,4] chains 1:2 
iteration 
beta[19,1] chains 1:2 
iteration 
beta[20,1] chains 1:2 
iteration 
1.0 
0.5 
0.0 
1.0 
0.5 
1.5 
1.0 
0.5 
0.0 
beta[21,1] chains 1:2 
7500 
iteration 
beta[22,1] chains 1:2 
7500 
iteration 
beta[23,1] chains 1:2 
7500 
iteration 
beta[24,1] chains 1:2 
7500 
iteration 
1.5 
1.0 
0.5 
0.0 
1.5 
1.0 
0.5 
0.0 
1.0 
0.5 
0.0 
1.0 
0.5 
0.0 
beta[19,2] chains 1:2 
7500 
iteration 
beta[20,2] chains 1:2 
7500 
iteration 
beta[21,2] chains 1:2 
7500 
iteration 
beta[22,2] chains 1:2 
7500 
iteration 
beta[23,2] chains 1:2 
7500 
iteration 
beta[24,2] chains 1:2 
7500 
iteration 
Figure D.ld: Gelman-Rubin statistics cont'd 
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Figure D.le: Gelman-Rubin statistics cont'd 
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Figure D.2a: Autocorrelation statistics 
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Figure D.2b: Autocorrelation statistics cont'd 
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Figure D.2c: Autocorrelation statistics cont'd 
beta[13,3] chains 1:2 
beta[14,3] chains 1:2 
beta[15,3j chains 1:2 
beta[16,3] chains 1:2 
1.0 
0.5 
0.0 
-0.5 
-1.0 
beta[17,3] chains 1:2 
beta[13,4] chains 1:2 
beta[14,4] chains 1:2 
beta[15,4l chains 1:2 
beta[16,4 chains 1:2 
1.0 
0.5 
0.0 
-0.5 
-1.0 
beta[17,4] chains 1:2 
00 K> 
1.0 
0.5 
0.0 
-0.5 
-1.0 
lag 
beta[18,3] chains 1:2 
lag 
40 
1.0 
0.5 
0.0 
-0.5 
-1.0 
lag 
beta[18,4] chains 1:2 
lag 
beta[19,1] chains 1:2 
beta[20,1] chains 1:2 
beta[21,1l chains 1:2 
beta[22,1] chains 1:2 
1.0 
0.5 
0.0 
-0.5 
-1.0 
beta[23,1] chains 1:2 
1.0 
0.5 
0.0 
-0.5 
-1.0 
1.0 
0.5 
0.0 
-0.5 
-1.0 
1.0 
0.5 
0.0 
-0.5 
-1.0 
1.0 
0.5 
0.0 
-0.5 
-1.0 
1.0 
0.5 
0.0 
-0.5 
-1.0 
beta[19,2] chains 1:2 
lag 
beta[20,2] chains 1:2 
lag 
beta[21,2] chains 1:2 
lag 
beta[22,2] chains 1:2 
beta[23,2] chains 1:2 
1.0 
0.5 
0.0 
-0.5 
-1.0 
lag 
beta[24,1] chains 1:2 
1.0 
0.5 
0.0 
-0.5 
-1.0 
lag 
beta(24,2] chains 1:2 
lag lag 
Figure D.2d: Autocorrelation statistics cont'd 
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Figure D.2e: Autocorrelation statistics cont'd 
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Figure D.3a: Kernel density statistics 
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Figure D.3b: Kernel density statistics cont'd 
300.0 
200.0 
100.0 
0.0 
600.0 
400.0 
200.0 
0.0 
beta[7,4] chains 1:2 sample: 1000 
•0.006 -0.004 -0.002 0.0 
beta[7,3] chains 1:2 sample: 1000 
-0.005 0.0 -0.01 
beta[8,4] chains 1:2 sample: 1000 beta[8,3] chains 1:2 sample: 1000 
1.0 
0.75 
0.5 
0.25 
0.0 
-2.0 -1.0 0.0 1.0 
1.5 
1.0 
0.5 
0.0 
beta[9,4] chains 1:2 sample: 1000 
-2.0 1.0 -1.0 0.0 
beta[9,3] chains 1:2 sample: 1000 
beta[10,4] chains 1:2 sample: 1000 
1.0 
0.5 
0.0 
beta[10,3] chains 1:2 sample: 1000 
0.5 
0.0 
-2.0 0.0 -4.0 
beta[11,3] chains 1:2 sample: 1000 beta[11,4] chains 1:2 sample: 1000 
beta[12,3] chains 1:2 sample: 1000 beta[12,4] chains 1:2 sample: 1000 
beta[13,2] chains 1:2 sample: 1000 beta[13,1 ] chains 1:2 sample: 1000 
beta[14,2] chains 1:2 sample: 1000 beta[14,1] chains 1:2 sample: 1000 
beta[15,2] chains 1:2 sample: 1000 beta[15,1] chains 1:2 sample: 1000 
beta[16,2] chains 1:2 sample: 1000 beta[16,1] chains 1:2 sample: 1000 
betaM 7,1 1 chains 1:2 sample: 1000 
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Figure D.3c: Kernel density statistics cont'd 
beta[13,4] chains 1:2 sample: 1000 beta[13,3] chains 1:2 sample: 1000 
beta[14,4] chains 1:2 sample: 1000 beta[14,3] chains 1:2 sample: 1000 
beta[15,4] chains 1:2 sample: 1000 
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beta[15,3] chains 1:2 sample: 1000 
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0.0 
beta[16,4] chains 1:2 sample: 1000 beta[16,3] chains 1:2 sample: 1000 
beta[17,3] chains 1:2 sample: 1000 beta[17,4] chains 1:2 sample: 1000 
beta{18,4] chains 1:2 sample: 1000 
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-1.0 -0.5 0.0 
beta[18,3] chains 1:2 sample: 1000 
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bétail 9,1 ] chains 1:2 sample: 1000 beta[19,2] chains 1:2 sample: 1000 
beta[20,1] chains 1:2 sample: 1000 beta[20,2] chains 1:2 sample: 1000 
beta[21,2] chains 1:2 sample: 1000 beta[21,lj chains 1:2 sample: 1000 
beta[22,2] chains 1:2 sample: 1000 beta[22,1] chains 1:2 sample: 1000 
beta[23,2] chains 1:2 sample: 1000 beta(23,1] chains 1:2 sample: 1000 
beta[24,2] chains 1:2 sample: 1000 beta[24,1] chains 1:2 sample: 1000 
Figure D.3d: Kernel density statistics cont'd 
beta[19,4] chains 1:2 sample: 1000 beta[19,3] chains 1:2 sample: 1000 
beta[20,4] chains 1:2 sample: 1000 beta[20,3] chains 1:2 sample: 1000 
beta[21,4] chains 1:2 sample: 1000 beta[21,3] chains 1:2 sample: 1000 
beta[22,4] chains 1:2 sample: 1000 beta[22,3] chains 1:2 sample: 1000 
beta[23,4] chains 1:2 sample: 1000 beta[23,3] chains 1:2 sample: 1000 
beta[24,4] chains 1:2 sample: 1000 beta[24,3] chains 1:2 sample: 1000 
beta[25,4] chains 1:2 sample: 1000 beta[25,3] chains 1:2 sample: 1000 beta[25,2] chains 1:2 sample: 1000 beta[25,1] chains 1:2 sample: 1000 
beta[26,4] chains 1:2 sample: 1000 beta[26,3] chains 1:2 sample: 1000 beta[26,2] chains 1:2 sample: 1000 beta[26,1] chains 1:2 sample: 1000 
beta[27,4] chains 1:2 sample: 1000 beta[27,3] chains 1:2 sample: 1000 beta[27,2] chains 1:2 sample: 1000 beta[27,1] chains 1:2 sample: 1000 
beta[28,3] chains 1:2 sample: 1000 beta[28,4] chains 1:2 sample: 1000 beta[28,1] chains 1:2 sample: 1000 beta[28,2] chains 1:2 sample: 1000 
delta chains 1.2 sample: 1000 theta chains 1:2 sample: 1000 
•100.0 
Figure D.3e: Kernel density statistics cont'd 
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Appendix E: R Code for Expected Crashes 
mydata<-read.table("C:/Documents and Settings/dveneziano/Desktop/david/severity.txt",sep="\t",header=T) 
chainl<-read.table("C:/Documents and Settings/dveneziano/Desktop/david/CODAFORCHAINl.txt") 
chain2<-read.table("C:/Documents and Settings/dveneziano/Desktop/david/CODAFORCHAIN2.txt") 
CHECKPOLICY<-
function(data=mydata,Chainl=chainl,Chain2=chain2,ID,APPR,VOL=F,SPD=F,OPPSPD=F,LEFL=F,RHTL=F,MWID=F, 
DRV=F,LIT=F,SCH=F,MINLT=F,MAXLT=F,MINTHRU=F,MAXTHRU=F,LYR=F,TYR=F,LU=F,DEL=F,LOS=F) 
{###point estimates of betas### 
set.seed(8000) 
chain2sub<-chain 1 sub<-rep(0,l 1200) 
for (i in 1:112) 
{chain 1 sub[((i-l )* 100+1 ):(i* 100)]<-chainl[((i-l)*500+401):(i*500),2] 
chain2sub[((i-l)*100+l):(i*100)]<-chain2[((i-l)*500+401):(i*500),2]} 
###chain 1 sub[ 12001:12100]<-chain 1 [90901:91000,2]### 
###chainlsub[ 12101:12200]<-chain 1 [91401:91500,2]### 
###chain2sub[ 12001:12100]<-chain2[90901:91000,2]### 
###chain2sub[l 2101:12200]<-chain2[91401:91500,2]### 
id<-matrix(0,85,200) 
for (i in 1:85) 
{id[i,l:100]<-chainl[((56001+(i-l)*500+400):(56000+i*500)),2] 
id[i,101:200]<-chain2[((56001+(i-l)*500+400):(56000+i*500)),2]} 
###for (i in 1:100)### 
### {id[,i]<-rnorm(85,0,(chain 1 sub[( 12000+i)]))### 
###id[,(i+100)]<-rnorm(85,0,(chain2sub[(12000+i)]))}### 
beta<-matrix(0,28,800) 
beta[,c(l: 100,201:300,401:500,601:700)]<-matrix(chainlsub[(l:l 1200)],28,400,byrow=T) 
beta[,c(101:200,301:400,501:600,701:800)]<-matrix(chain2sub[(l :11200)],28,400,byrow=T) 
theta<-rep(0,200) 
theta[ 1:100]<-chain 1 [ 141901:142000,2] 
theta[l 01:200]<-chain2[ 141901:142000,2] 
Z<-matrix(0,12,200) 
###c(3,4)### 
for(i in 1:200) {Z[,i]<-rbinom( 12,1 ,theta[i])} 
###data### 
mydata$APPRl<-mydata$APPR*(mydata$APPR==l) 
mydata$APPR2<-mydata$APPR*(mydata$APPR==2)/2 
mydata$APPR3<-mydata$APPR*(mydata$APPR==3)/3 
###mydata$SCH 1 <-mydata$Scheme*(mydata$Scheme== 1 )### 
mydata$SCH2<-mydata$Scheme*(mydata$Scheme==2)/2 
mydata$SCH3<-mydata$Scheme*(mydata$Scheme==3)/3 
###mydata$SCH4<-mydata$Scheme*(mydata$Scheme==4)/4### 
mydataSLU 1 <-mydata$LU*(mydata$LU== 1 ) 
mydata$LU2<-mydata$LU*(mydata$LU==2)/2 
mydata$LU3<-mydata$LU*(mydata$LU==3)/3 
mydata$LU4<-mydata$LU*(mydata$LU==4)/4 
mydata$LU5<-mydata$LU*(mydata$LU==5)/5 
OBSind<-which(mydata$ID==ID&mydata$APPR==APPR) 
OBSval<-as.vector(mydata[OBSind,],mode="numeric") 
idind<-which(unique(mydata$ID)==ID) 
OBSid<-rep(id[idind,],4) 
POB S val<-OB Sval 
if(V OL) {POBS val [3]<-V OL} 
if(SPD){POBSval[4]<-SPD} 
if(OPPSPD) (POBSval[5]<-OPPSPD) 
if(LEFL) {POBSval[6]<-LEFL} 
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if(RHTL){P0BSval[7]<-RHFL} 
i f(MWID) {FOB S val [8]<-M WID} 
if(DRV) {POBSval[ 10]<-DRV} 
if(LIT){POBSval[ll]<-LIT} 
###if(SCH) {SCH 1234<-diag(c(rep( 1,4),0))## 
###POBSval[3 8]<-SCH 1234[SCH, 1 ]### 
###POBSval[39]<-SCH1234[SCH,2]### 
###POBSval[40]<-SCH1234[SCH,3]### 
###POBSval[41]<-SCH1234[SCH,4]}### 
if(SCH) {SCH23<-diag(c(0,rep(l ^ ))) 
POBSval[38]<-SCH23[SCH,2] 
POBSval[39]<-SCH23[SCH,3]} 
if(MINLT){POBSval[13]<-MlNLT} 
if(MAXLT){P0BSval[14]<-MAXLT} 
if(MINTHRU) {POBSval[ 15]<-MINTHRU} 
if(MAXTHRU) {POBSval[l 6]<-MAXTHRU} 
if(LYR){POBSval[17]<-LYR} 
if(TYR) {POBSval[ 18]<-TYR} 
if(LU){LU 12345<-diag(c(rep( 1,5),0)) 
P0BSval[4Q]<-LU 12345 [LU, 1] 
P0BSval[41 ]<-LU 12345 [LU,2] 
POBSval[42]<-LU12345[LU,3] 
POBSval[43]<-LU 12345 [LU,4] 
POBSval[44]<-LU 12345 [LU,5]} 
if(DEL){POBSval[20]<-DEL} 
if(LOS){POBSval[21 ]<-LOS} 
###crash### 
MATRIXALL<-matrix(0,45,4) 
colnames(MATRIXALL)<-c("MEAN","VARIANCE","LOW","HIGHT") 
rownames(MATRIXALL)<-
c("LMAJORIGINAL","LMAJPREDICT","LMAJDlFFERENCE","LMINORIGINAL","LMINPREDICT","LMINDIFFER 
ENCE","LPOSORIGINAL","LPOSPREDICT","LPOSDIFFERENCE","LPDOORIGINAL","LPDOPREDICT","LPDODIF 
FERENCE","TMAJORIGINAL","TMAJPREDICT","TMAJDIFFERENCE","TM INORIGINAL","TMINPREDICT'V'TMI 
NDIFFERENCE","TPOSORIGINAL","TPOSPREDICT","TPOSDIFFERENCE","TPDOORIGINAL","TPDOPREDICT"," 
TPDODIFFERENCE","RMAJORIGINAL","RMAJPREDICT","RMAJDIFFERENCE","RMINORIGINAL","RMINPRED 
ICT","RM INDIFFERENCE","RPOSORIGINAL","RPOSPREDICT","RPOSDIFFERENCE","RPDOORIGINAL","RPDOP 
REDICT","RPDODIFFERENCE","LORIGINAL","LPREDICT","LDIFFERENCE","TORIGINAL","TPREDICT","TDIFF 
ERENCE","RORIGINAL","RPREDICT","RDIFFERENCE",) 
###CRASH<-matrix(0,3,4)### 
###MEANCIS<-matrix(0,3,12)### 
###colnames(MEANCIS)<-(rep(c("MEAN CRASH","LOW","HIGH"),4))### 
###mu0200<-matrix(0,3,800)### 
###TOTALCRASH<-rep(0,3)### 
###TOTAL<-RTOTAL<-matrix(0,3,3)### 
###colnames(TOTAL)<-(c("MEAN CRASH","LOW","HIGH"))### 
PmuMS 12<-muMS 12<-matrix(0,12,200) 
for(l in 1:3) 
{Ml<-(1==1)*1 
M2<-(1==2)*1 
coefORI<-c(l,OBSval[c(4:8,10,ll,38:39,13:18,20,40:44,21,35:37)],Ml,M2)*c(rep(l,3),Ml,(l-Ml-
M2),rep(l,3),M 1,Ml,Ml,Ml,(1-Ml *OBSval[40]),( 1 -M 1 *OBSval [40]),M1 ,M2,rep( 1,12)) 
coefPRE<-c(l,POBSval[c(4:8,10,l 1,38:39,13:18,20,40:44,21,35:37)],M1,M2)*c(rep(l,3),M 1,(1-Ml-
M2),rep(l,3),Ml,Ml,Ml,Ml,(l-Ml *POBSval[40]),(l-Ml*POBSval[40]),Ml,M2,rep(l,12)) 
muMS 12[(((1-1 )*4+1 ):(1 *4)),]<-( 1 -Z[(((l-
l)*4+l):(l*4)),])*matrix((exp(coefORI%*%beta+OBSid)*OBSval[3]),4,200,byrow=T) 
PmuMS 12[(((1-1 )*4+1 ):(1 *4)),]<-( 1 -Z[(((l-
l)*4+l):(l*4)),])*matrix((exp(coefPRE%*%beta+OBSid)*POBSval[3]),4,200,byrow=T)] 
###DIFF=OBS-PREDI### 
for (i in 1:12) 
{MATRIX ALL[((i-1 )*3+1 ), 1 ]<-mean(muMS 12[i,]) 
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MATRIXALL[((i-1 )*3+2), 1 ]<-mean(PmuMS 12[i,]) 
MATRIXALL[((i-1 )*3+3), 1 ]<-mean((muMS 12[i,]-PmuMS12[i,])) 
MATRIX ALL[((i-1 )*3+1 ),2]<-var(muMS 12[i,]) 
MATRIX ALL[((i- l)*3+2),2]<-var(PmuMS 12[i,]) 
MATRIXALL[((i-1 )*3+3),2]<-var((muMS 12[i,]-PmuMSl 2[i,])) 
MATRIXALL[((i-l)*3+l),(3:4)]<-quantile((muMS12[i,]),probs=c(0.025,0.975)) 
MATRIXALL[((i-l)*3+2),(3:4)]<-quantile((PmuMS12[i,]),probs=c(0.025,0.975)) 
MATRIXALL[((i-l)*3+3),(3:4)]<-quantile((muMS12[i,]-PmuMS12[i,]),probs=c(0.025,0.975))} 
for(i in 1:3) 
{MATRIXALL[(36+(i-l)*3+l),l]<-mean(apply(muMS12[(((i-l)*4+l):(i*4)),],2,sum)) 
MATRIXALL[(36+(i-l)*3+2),l]<-mean(apply(PmuMS12[(((i-l)*4+l):(i*4)),],2,sum)) 
MATRIX ALL[(36+(i-1 )*3+3), 1 ]<-mean((apply(muMS 12[(((i-1)*4+1 ):(i*4)),],2,sum))-(apply(PmuMS 12[(((i-
1 )*4+1 ) : (i *4)),] ,2,sum))) 
MATRIXALL[(36+(i-l)*3+l),2]<-var(apply(muMS12[(((i-l)*4+l):(i*4)),],2,sum)) 
MATRIXALL[(36+(i-l)*3+2),2]<-var(apply(PmuMS12[(((i-l)*4+l):(i*4)),],2,sum)) 
MATRIXALL[(36+(i-l)*3+3),2]<-var((apply(muMS12[(((i-l)*4+l):(i*4)),],2,sum))-(apply(PmuMS12[(((i-
1 )*4+1 ) : (i *4)),] ,2,sum))) 
MATRIX ALL[(3 6+(i-1 )*3+1 ),3:4]<-quantile((apply(muMS 12[(((i-1 )*4+1 ):(i*4)),] ,2,sum)),probs=c(0.025,0.975)) 
MATRIXALL[(36+(i-l)*3+2),3:4]<-quantile((apply(PmuMS12[(((i-l)*4+l):(i*4)),],2,sum)),probs=c(0.025,0.975)) 
MATRIX ALL[(36+(i-1 )*3+3),3:4]<-quantile(((apply(muMS 12[(((i-1 )*4+1 ):(i *4)),],2,sum))-(apply(PmuMS 12[(((i-
l)*4+l):(i*4)),],2,sum))),probs=c(0.025,0.975))} 
###for(i in 1:3)### 
###{for(j in 1:4)### 
###{MEANCIS[i,c(((j-l)*3+2),(j*3))]<-quantile(mu200[i,(((j-l)*200+l):(j *200))],probs=c(0.025,0.975))### 
### MEANCIS[i,((j-l)*3+l)]<-mean(mu200[i,(((j-l)*200+l):(j*200))])}### 
### TOTAL[i, 1 ]<-sum(ME ANCIS [i,((j -1 )*3+1 )])### 
### TOTAL[i,2:3]<-quantile(apply(matrix(mu200[i,],4,200,byrow=T),2,sum),probs=c(0.025,0.975))}### 
###for(l in 1:3)### 
### {for(m in 1:4) {### 
###CRASH[l,m]<-rpois(l,MEANCIS[l,((m-l)*3+l )])### 
###TOTALCRASH[l]<-sum(CRASH[l,])}}### 
###list(ORI=list(LTOTAL=sum(mydata[OBSind,22:25]),TTOTAL=sum(mydata[OBSind,26:29]),RTOTAL=sum(mydata[ 
OBSind,30:33]),LMAJ=mydata[OBSind,22],LMIN=mydata[OBSind,23],LPOS=mydata[OBSind,24],LPDO=mydata[OBSi 
nd,25],TMAJ=mydata[OBSind,26],TMIN=mydata[OBSind,27],TPOS=mydata[OBSind,28],TPDO=mydata[OBSind,29],R 
MAJ=mydata[OBSind,30],RMIN=mydata[OBSind,31],RPOS=mydata[OBSind,32],RPDO=mydata[OBSind,33]),SIM=list( 
LTOTAL=c(TOTAL[l,]),TTOTAL=c(TOTAL[2,]),RTOTAL=c(TOTAL[3,]),LMAJ=c(MEANCIS[l,l:3]),LMIN=c(MEA 
NCIS[1,4:6]),LPOS=c(MEANCIS[l,7:9]),LPDO=c(MEANCIS[l,10:12]),TMAJ=c(MEANCIS[2,l:3]),TMIN=c(MEANCIS 
[2,4:6]),TPOS=c(MEANCIS[2,7:9]),TPDO=c(MEANCIS[2,10:12]),RMAJ=c(MEANCIS[3,l:3]),RMIN=c(MEANCIS[3,4: 
6]),RPOS=c(MEANCIS[3,7:9]),RPDO=c(MEANCIS[3,10:12])))### 
ORICRASH<-matrix(0,3,5) 
colnames(ORICRASH)<-c("MAJ","MIN","PDO","POS","TOTOL") 
rownames(ORICRASH)<-c("L","T","R") 
ORICRASH[l,5]<-sum(mydata[OBSind,22:25]) 
ORICRASH[2,5]<-sum(mydata[OBSind,26:29]) 
ORICRASH[3,5]<-sum(mydata[OBSind,30:33]) 
for (i in 1:4) 
{ORICRASH [ 1 ,i]<-mydata[OB Sind,(21+i)] 
ORICRASH[2,i]<-mydata[OBSind,(25+i)] 
ORICRASH[3,i]<-mydata[OBSind,(29+i)]} 
list(ORI=ORICRASH,ALL=MATRIXALL) 
###1028### 
} 
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Appendix F: Safety Countermeasures 
Applicable Countermeasures 
A number of safety countermeasures were available for this research. Some of these could 
be directly implemented in both through the safety models and Synchro, allowing direct 
tradeoffs to be determined. These included: 
• Add lane (through) 
• Provide channelization (left turn, right turn) 
• Provide left turn signal phase 
• Revise phasing sequence 
• Retime signal 
• Reduce speed limit 
• Adjust amber phase 
• Provide/revise all-red time 
• Widen Lanes 
Additional Countermeasures 
Additional safety countermeasures were available for use in this research but would have 
been difficult to incorporate and/or measure in both the safety models and Synchro. These 
countermeasures included: 
• Prohibit turns 
• Install advanced warning signage 
• Increase sight distance 
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Add/enlarge signal backplates 
Change signal lens sizes 
Add/upgrade shoulder 
Add curbing 
Remove or consolidate driveways in close proximity to intersection 
Install median 
Improve lighting (6, 120, 121) 
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Appendix G: Operational Countermeasures 
Applicable Countermeasures 
A number of operational countermeasures were available for this research. Some of these 
could be directly implemented in both through the safety models and Synchro, allowing 
direct tradeoffs to be determined. These included: 
• Add lane (through) 
• Provide channelization (left turn, right turn) 
• Provide left turn signal phase 
• Revise phasing sequence 
• Retime signal 
• Increase speed limit 
• Adjust amber phase 
• Provide/revise all-red time 
• Widen Lanes 
Additional Countermeasures 
Additional operational countermeasures were available for use in this research but would 
have been difficult to incorporate and/or measure in both the safety models and Synchro. 
These countermeasures included: 
• Prohibit turns 
• Increase turning radii 
• Implement coordination 
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• Upgrade signal devices 
• Add/enlarge signal backplates 
• Change signal lens sizes 
• Improve pavement markings (6, 121, 122, 123) 
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Appendix H: Safety Assessments 
The following sections review the results of the remaining intersections for which 
safety countermeasures were employed. 
Iowa Highway 6 and Fairmeadows Boulevard 
The intersection of Iowa Highway 6 and Fairmeadows Boulevard is located in Iowa 
City. Iowa Highway 6 is a 4 lane roadway, while Fairmeadows Boulevard is a two lane 
roadway. The East approach of Iowa Highway 6 featured a channelized right turn lane, 
while the West approach featured a channelized left turn lane. In addition, the South 
approach of Fairmeadows Boulevard featured a channelized left turn lane. The safety and 
operational characteristics of the intersection during the study period are presented in Table 
H.l. 
Table H.l: Iowa Highway 6 and Fairmeadows Boulevard characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Fairmeadows Boulevard SOUTH 7.90 A 
B 
2.76 
1.40 IA 6 EAST 14.70 B 0.37 
Fairmeadows Boulevard NORTH 10.40 B 1.05 
IA 6 WEST 17.00 B 1.41 
In examining the predominant crash patterns at the intersection, it was found that the 
site experienced primarily left turn related (3), red light running (3) and rear end (7) crashes. 
Once again, the rear end and red light running crashes may have been caused by the short 
nature of the yellow change and red clearance intervals at the intersection. In addition, the 
left turning crashes may have been the result of left turning vehicles on the East approach not 
yielding the right of way to vehicles on the West approach. 
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To address these patterns, two countermeasures were simulated. First, the all red 
phase was recomputed to 1.5 seconds for the East and West approaches and 3.5 seconds for 
the North and South approaches. Secondly, a channelized left turn lane and protected 
phasing was added to the East approach lane group in an attempt to eliminate the conflicts 
between left turning vehicles on the East approach and through vehicles on the West 
approach. As a result of this change, the median in place would also be modified to a cubed 
grass type of 16.5 feet width (determined by subtracting the turn lane width from the existing 
median width). The safety and operational characteristics of the intersection following these 
changes are presented in Table H.2. 
Table H.2: Iowa Highway 6 and Fairmeadows Boulevard characteristics following safety 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Fairmeadows Boulevard SOUTH 11.10 B 
B 
2.76 
1.40 LA. 6 EAST 13.30 B 0.37 
Fairmeadows Boulevard NORTH 14.10 B 1.05 
IA 6 WEST 20.10 C 1.41 
The simulated countermeasures resulted in safety improvements on the South, North 
and West approaches, while the East approach saw a rise in crash rate. This was primarily 
the result of a rise in the expected number of PDO crashes for the through movement on this 
approach. Aside from this, no noteworthy severity changes were found when compared to 
the crashes observed for the study period. 
Operationally, the approaches did not experience a significant change given the 
countermeasures employed. Delay increased by approximately 3 seconds on the South, 
North and West approaches, while it decreased by 1 second on the East approach. The result 
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was that LOS remained relatively unchanged, with the exception of a drop from A to B on 
the South approach. Overall, operations were not greatly affected by the safety changes 
made at the site. 
The countermeasures employed at the site were revisions to the signalization aspects 
of the intersection and the addition of a 75 foot left turn lane on the East approach. The 
signalization changes would result in a cost of $2,750, which would include both the revision 
of the all red times, the changes made to implement protected phasing for the new left turn 
lane, and the cost of a new signal head to serve that lane. The cost of constructing the left 
turn lane would be an estimated $97,359. The total cost for all countermeasures would be 
$100,109. 
The simulated countermeasures were found to produce a crash cost of $3,610 per 
year. This loss stemmed mainly from a small increase in the expected PDO crashes for the 
through movement on the East approach. The experienced and predicted crashes and the 
savings or losses associated with them are detailed in Appendix I. 
The delay experienced by vehicles increased on all approaches except the East, where 
it fell slightly. The simulated increases were all in the 3 to 4 second range. As a result of 
delay increases, the four approaches produced a cost of $2,891 per year. A breakdown of the 
experienced and predicted delays and their associated financial costs can be found in 
Appendix I. 
The trends previously observed in delay on the approaches resulted in less fuel (in 
gallons) being used by vehicles at the intersection. Simulation showed that only 1 gallon of 
fuel would be saved per hour if the selected countermeasures were employed. However, the 
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value of this fuel would have been $1,056 per year. A breakdown of the experienced and 
predicted fuel usage and its associated financial costs can be found in Appendix I. 
The net present value of the benefits accrued from the simulated countermeasures was 
$12,107 over 20 years. Over the 20 year life of the project, the total net present value of the 
costs was computed to be $174,676. The benefit-cost ratio was subsequently computed as 
$12,107/$174,676 = 0.07. This value is far below the threshold of 1.0, and as a result the 
selected countermeasures would not result in a financial benefit for the project. It should be 
noted that the model did predict safety improvements on three of the four intersection 
approaches; however, the crash costs produced by the predicted increase on the East 
approach outweighed the benefits accrued by these improvements. This would need to be 
kept in mind when evaluating the benefits of the countermeasures from a non-financial 
standpoint. 
U.S. 69 and Airport Road 
The intersection of U.S. 69 and Airport Road is located in Ames. U.S. 69 is a four 
lane roadway, while Airport road is 4 lanes on the West approach and two lanes on the East 
approach. The intersection featured left turn lanes, as well as a channelized right turn lane on 
the North approach on U.S. 69. Airport Road featured two left turn lanes (one channelized, 
one a combination through-left) and a right turn lane on the West approach, while the East 
approach had a dedicated right turn lane. In terms of safety performance, the intersection 
experienced higher crash rates on the Airport Road approaches during the study period. The 
safety and operational characteristics of the intersection during the study period are presented 
in Table H.3. 
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Table H.3: U.S. 69 and Airport Road characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
US 69 (S Duff Avenue) SOUTH 17.20 B 
B 
0.97 
1.26 Billy Sunday Road EAST 9.00 A 2.10 
US 69 (S Duff Avenue) NORTH 15.60 B 0.65 
Airport Road WEST 17.70 B 1.30 
In examining the predominant crash patterns at the intersection, three crash patterns 
became evident. Specifically, of the 23 crashes occurring at the intersection, 4 were 
sideswipes, 9 were rear ends and 9 were left-turn related. Interestingly, of the 9 left turn 
crashes, 8 of the nine left turn crashes involved vehicles on the North or South approaches, 
rather than the West approach. Given the double turn lane on the West approach, it was 
expected that this would be the primary source of left turning crashes. 
To address the crash patterns observed, three countermeasures were simulated. First, 
the all red phase was recomputed from 2 seconds to 2.5 seconds on the East and West 
approaches, while the yellow change interval was recomputed to 4.5 seconds for the North 
and South approaches. Second, the left turning lane phasing on the North and South 
approaches was changed from protected-permitted to protected in order to resolve the 
conflicts between left turning vehicles and opposing traffic. Finally, a split phase was 
incorporated to separate the movements of the East and West approach lane groups. This 
feature was incorporated after observations at the intersection revealed that confusion over 
right of way exists between opposing Westbound through and Eastbound left turning 
movements. The safety and operational characteristics of the intersection following these 
simulated changes are presented in Table H.4. 
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As an aside, the sideswipe problem between left turning vehicles on the West 
approach and right turning/through vehicles on the East approach could not be addressed in 
this work. This was due to the limitation that the preferred countermeasure, improved 
pavement markings, could not be employed in the prediction model or Synchro. As such, the 
impact of such a countermeasure could not be quantified. 
Table H.4: U.S. 69 and Airport Road characteristics following safety changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
US 69 (S Duff Avenue) SOUTH 31.70 C 
C 
0.33 
0.52 Billy Sunday Road EAST 23.30 C 1.04 
US 69 (S Duff Avenue) NORTH 33.10 C 0.37 
Airport Road WEST 26.00 C 0.34 
The safety countermeasures simulated at this location resulted in improvements to all 
approaches. The East and West approaches produced the most improvement in terms of 
crash rates. The North and South approaches experienced more pronounced drops in the 
expected number of crashes. In terms of severity, no changes were found when compared to 
the crashes observed for the study period. 
Operations on all approaches deteriorated, with delays increasing between 
approximately 9 and 20 seconds. This was accompanied by drops in the LOS, with the East 
approach experiencing the greatest change, from A to C. However, none of these changes 
resulted in a breakdown of the intersection and could be considered acceptable, given the 
safety improvements expected to occur given the changes. Still, this was a case where 
operations suffered so that safety could be improved. 
The countermeasures employed at the site were strictly related to signalization. 
Changes included revision of the yellow clearance and all red intervals for all approaches, 
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changing the left turn phasing from protected-permitted to protected on the North and South 
approaches, and implementing a split phase on the East and West approaches. The total cost 
of the signalization changes would be $3,750. This would include the cost of the revision of 
the all red times, the changes made to implement protected and split phasing schemes, and 
the costs for new signal heads that would be required. 
The simulated countermeasures were found to produce a crash cost of $11,820 per 
year. This loss stemmed mainly from small increases in expected Major severity crashes for 
all of the approaches. Given that no such crashes were observed to occur on these 
approaches during the study period, but at least a fractional expected mean number of such 
crashes were predicted to occur under the simulated conditions, a loss resulted. The 
experienced and predicted crashes and the savings or losses associated with them are detailed 
in Appendix I. 
The delay experienced by vehicles increased on all approaches. The simulated 
increases ranged from 8 to 17 seconds per vehicle. As a result of delay increases, the four 
approaches produced a cost of $45,191 per year. A breakdown of the experienced and 
predicted delays and their associated financial costs can be found in Appendix I. 
The trends previously observed in delay on the approaches resulted in more fuel (in 
gallons) being used by vehicles at the intersection. Simulation showed that 10 additional 
gallons of fuel would be used per hour if the selected countermeasures were employed. The 
value of this fuel would have been $10,555 per year. A breakdown of the experienced and 
predicted fuel usage and its associated financial costs can be found in Appendix I. 
No benefits were accrued from the simulated countermeasures. Over the 20 year life 
of the project, the total net present value of the costs was computed to be $778,737. The 
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benefit-cost ratio was subsequently computed as $0/$778,737 = 0.00. Even without making 
this calculation, it is evident that there is no benefit to pursuing the implementation of the 
selected countermeasures. It should be noted that the model did predict safety improvements 
on all of the intersection approaches; however, the crash costs produced by the mean 
predicted Major crashes produced no crash savings. This, coupled with the nature of the 
countermeasures, which would increase the delay imposed on vehicles, resulted in a 
condition where no savings accrued. However, the predicted drop in the expected crashes 
forecast as a whole would need to be kept in mind when evaluating the benefits of the 
countermeasures from a non-financial standpoint. 
Washington Street and Hawthorne Avenue 
The intersection of Washington Street and Hawthorn Avenue is in Waterloo. 
Washington Street is a 6 lane roadway, while Hawthorne Avenue is a two lane roadway. 
Washington Street featured channelized left turn lanes on both the North and South 
approaches, while Hawthorne Avenue featured a dedicated right turn lane on the East 
approach. During the study period, only the West approach of Hawthorne Avenue 
experienced a significant problem in terms of safety performance. The safety and operational 
characteristics of the intersection during the study period are presented in Table H.5. 
Table H.5: Washington Street and Hawthorn Avenue characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
US 218 (Washington Street) SOUTH 13.70 B 
B 
0.41 
1.22 Hawthorne Avenue EAST 28.50 C 0.37 
US 218 (Washington Street) NORTH 10.50 B 0.39 
Hawthorne Avenue WEST 13.80 B 3.69 
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In examining the predominant crash patterns at the intersection, two problems became 
evident. First, there were a number of rear end (8) and red light crashes (4) which occurred 
during the study period. These suggest that the all red interval may have been inadequate at 
settings of between 0.5 and 1.0 seconds. However, there were lengthy yellow intervals in 
place at the time (ranging between 4 and 5 seconds, depending on movement). The high 
crash rate on the West approach was found to not be a function of a large number of crashes 
(only 3 occurred over the study period) but rather, low entering volume. Of the three crashes 
which did occur on this leg, 2 were red light running related, while one was a sideswipe. 
To address the crash patterns observed, two countermeasures were simulated. First, 
the yellow and all red intervals were recomputed. For all approaches, the yellow change 
intervals were not altered; rather, the all red clearance intervals were modified. For the East 
and West approaches, the all red clearance was changed to 3.5 seconds, while the North and 
South approaches received 1.5 seconds. Secondly, a 50 foot left turn lane was added to the 
West approach to separate out the left turn movements. This feature addressed the potential 
sideswipe crashes which could occur as through-right turning vehicles attempt to sneak 
around left turning vehicles. As the pavement already exists on the approach (approximately 
32 foot cross section), implementing this countermeasure would be a matter of adding 
pavement markings. The safety and operational characteristics of the intersection following 
these changes are presented in Table H.6. 
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Table H.6: Washington Street and Hawthorn Avenue characteristics following safety 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
US 218 (Washington Street) SOUTH 14.50 B 
B 
0.81 
0.80 Hawthorne Avenue EAST 30.90 C 0.65 
US 218 (Washington Street) NORTH 11.00 B 0.89 
Hawthorne Avenue WEST 14.70 B 0.84 
For this intersection, the safety countermeasures employed resulted in a deterioration 
of performance for all approaches except the West approach. Given the high crash rate 
experienced on this approach during the study period, the countermeasures employed did 
produce noteworthy improvements in terms of the expected number of crashes and 
subsequently, the computed crash rate. However, this improvement does not make the 
increases in expected crashes and crash rates on the other approaches acceptable. This 
included an increase in the expected number of PDO crashes for both the left turn and 
through movements that occurred on the South Approach. It also included an increase on the 
East approach in the number of expected PDO crashes for right turns, and the North approach 
in terms of left turning PDO crashes and through Possible crashes. 
Operationally, the intersection did not deteriorate given the safety countermeasures 
employed. While delay did increase by between 1 and 4 seconds for all approaches, this did 
not result in any changes to LOS. In this case, operations did not suffer given safety 
changes; rather, the safety of approaches which did not receive any significant treatments 
(unlike the West approach) experienced deterioration. 
The countermeasures employed at the site focused on signalization and the addition 
of a left turn lane on the West approach. Signalization changes involved revising the all red 
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intervals for all approaches. The estimated cost of these changes would be $700. For the left 
turn lane on the West approach, the necessary pavement width was already present, allowing 
for the lane to be added by altering the existing pavement markings. The cost to accomplish 
this would be approximately $200. As a result, the total cost of the simulated modifications 
made to the intersection would be $900. 
The simulated countermeasures were found to produce a crash cost of $81,890 per 
year. This loss stemmed mainly from small increases in expected Major severity crashes on 
the North, South and East approaches. Given that no such crashes were observed to occur on 
these approaches during the study period, but at least a fractional expected mean number of 
such crashes were predicted to occur under the simulated conditions, a loss resulted. The 
experienced and predicted crashes and the savings or losses associated with them are detailed 
in Appendix I. 
The delay experienced by vehicles increased on all approaches except for the North, 
which experienced no change. The simulated increases were minimal, ranging 1 to 2 seconds 
per vehicle. As a result of delay increases, the four approaches produced a cost of $2,521 per 
year. A breakdown of the experienced and predicted delays and their associated financial 
costs can be found in Appendix I. 
The trends previously observed in delay on the approaches resulted in 1 additional 
gallon of fuel being consumed by vehicles at the intersection per hour. The value of this fuel 
would have been $1,056 per year. A breakdown of the experienced and predicted fuel usage 
and its associated financial costs can be found in Appendix I. 
No benefits were accrued from the simulated countermeasures. Over the 20 year life 
of the project, the total net present value of the costs was computed to be $981,200. The 
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benefit-cost ratio was subsequently computed as $0/$981,200 = 0.00. Even without making 
this calculation, it is evident that there is no benefit to pursuing the implementation of the 
selected countermeasures. It should be noted that the model did predict safety improvements 
on the West approach, which was the target of the simulated countermeasures. However, the 
crash costs produced by the mean predicted Major crashes on the other three approaches 
eliminated the crash savings gained on this approach. The predicted drop in the expected 
crashes forecast for the West approach, coupled with the low cost of the selected 
countermeasures would need to be kept in mind when considering the overall usefulness of 
the project. 
Iowa Highway 415 and N. W. 54th Street 
The intersection of Iowa Highway 415 and N.W. 54th Street is located between 
Ankeny and Des Moines. Iowa 415 is a 4 lane roadway while N.W. 54th Street is a two lane 
roadway. Neither roadway has dedicated turn lanes present. During the study period, the 
South and West approaches experienced poor safety performance. The safety and 
operational characteristics of the intersection during the study period are presented in Table 
H.7. 
Table H.7: Iowa Highway 415 and N.W. 54th Street characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
IA 415 (2nd Avenue) SOUTH 6.80 A 
B 
1.08 
1.22 NW 54th Avenue EAST 24.80 C 0.91 
IA 415 (2nd Avenue) NORTH 14.00 B 0.91 
NW 54th Avenue WEST 13.10 B 1.99 
Examination of the predominant crash patterns at the intersection during the study 
period did not reveal any obvious trends aside from red light running and rear end crashes. 
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In fact, of the 18 crashes which occurred at the site, 15 were of these two types (8 red light 
running and 7 rear end). Of those 15 crashes, 11 occurred on the North and South 
approaches to the intersection. 
To address these crash patterns, the North and South approach yellow change was 
recomputed as 5 seconds, while the East and West all red clearance was recomputed to 2.5 
seconds. In addition, to further address the rear end crash problem, 75 foot long left turn 
lanes with permitted turns were added to the North and South approaches to remove such 
movements from the through traffic stream. The safety and operational characteristics of the 
intersection following these simulated changes are presented in Table H.8. 
Table H.8: Iowa Highway 415 and N.W. 54th Street characteristics following safety 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
IA 415 (2nd Avenue) SOUTH 7.00 A 
B 
0.86 
1.38 NW 54th Avenue EAST 22.20 C 1.57 
IA 415 (2nd Avenue) NORTH 10.10 B 1.67 
NW 54th Avenue WEST 12.50 B 1.43 
The safety countermeasures employed at the intersection produced mixed results. 
While the South and West approaches of the intersection saw decreases in crash rates, the 
North and East approaches experienced increases. This was the result of the increases in the 
expected mean number of crashes on these approaches, resulting in an overall deterioration 
of the crash rate for the intersection. This would suggest that the countermeasures employed 
to address safety problems at the intersection need to be revisited. 
Operations at the intersection did not change significantly. The largest change in 
delay was a decrease of 4 seconds on the North approach. Increases and decreases in delay 
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on the remaining approaches were less than 1 second. No changes occurred to the approach 
or intersection LOS. This was another instance where operations did not suffer given safety 
changes. Instead the safety of approaches which did not receive any significant treatments 
experienced deterioration. 
The countermeasures employed at the site focused on signalization and the addition 
of 75 foot left turn lanes on the North and South approaches of the intersection. 
Signalization changes involved revising the yellow clearance and all red intervals for all 
approaches. The estimated cost of these changes would be $700. For the left turn lanes the 
estimated cost for implementation would be $194,236 for construction and $2,000 for 
additional signal heads. As a result, the total cost of the simulated modifications made to the 
intersection would be $196,936. 
The simulated countermeasures were found to produce a crash savings of $48,343 per 
year. These savings were the result of the predicted reduction of crashes on the North and 
South approaches. The experienced and predicted crashes and the savings or losses 
associated with them are detailed in Appendix I. 
The delay experienced by vehicles decreased on the East and North approaches and 
remained unchanged on the West and South approaches. The simulated decreases were 
between 3 and 4 seconds per vehicle. As a result of delay decreases, the four approaches 
produced a savings of $7,329 per year. A breakdown of the experienced and predicted 
delays and their associated financial costs can be found in Appendix I. 
The trends previously observed in delay on the approaches resulted in 4 additional 
gallons of fuel being consumed by vehicles at the intersection per hour. The value of this 
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fuel would have been $4,222 per year. A breakdown of the experienced and predicted fuel 
usage and its associated financial costs can be found in Appendix I. 
The net present value of the benefits accrued from the simulated countermeasures was 
$638,563 over 20 years. Over the 20 year life of the project, the total net present value of the 
costs was computed to be $245,366. The benefit-cost ratio was subsequently computed as 
$638,563/$245,366 = 2.60. As this value exceeds 1.0, the selected countermeasures result in 
a financial benefit for the project. 
Hawkeye Road and Orange Road 
The intersection of Hawkeye Road and Orange Road is located in Waterloo. Both 
roadways are two lane facilities, with Hawkeye Road featuring channelized right turn lanes. 
During the study period, both the North approach of Hawkeye Road and West approach of 
Orange Road experienced poor safety performance. The safety and operational 
characteristics of the intersection during the study period are presented in Table H.9. 
Table H.9: Hawkeye Road and Orange Road characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
IA 21 (Hawkeye Road) SOUTH 4.30 A 
A 
0.54 
1.21 Orange Road EAST 11.20 B 0.33 
IA 21 (Hawkeye Road) NORTH 8.50 A 2.15 
Orange Road WEST 19.50 B 1.81 
Examination of the predominant crash patterns found that of the 12 crashes that 
occurred, most were the result of a failure to yield the right of way on turns (4), rear end 
crashes (4) or red light running (3). This would suggest that drivers are impatient to make 
turning movements, as well as potential problems with the yellow change and all red 
clearance intervals. However, calculations found that the yellow change and all red 
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clearance times in place were appropriate. One area of remaining concern was the conflicts 
between through vehicles on the South approach and left turning vehicles on the North 
approach. The problem appeared to be the inability to distinguish turning movements from 
through movements occurring on the North approach. To address these patterns, a 150 foot 
channelized left turn lane with permitted phasing was added to the approach (applicable in 
part because of available right of way at this isolated location). The results of these 
simulated changes on the safety and operational characteristics of the intersection are 
presented in Table H.10. 
Table H.10: Hawkeye Road and Orange Road characteristics following safety changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
IA 21 (Hawkeye Road) SOUTH 4.30 A 
A 
1.15 
0.70 Orange Road EAST 11.20 B 0.69 
IA 21 (Hawkeye Road) NORTH 6.70 A 0.33 
Orange Road WEST 19.50 B 0.64 
From a safety standpoint, the countermeasures produced an improvement on the 
South, North and West approaches, with only a slight decline in the safety of the East 
approach. The expected number of crashes showed a great deal of change on the South 
approach, which was the intent of the improvements. In terms of severity, a decline in the 
expected number of Possible and PDO crashes occurred for left turning and through 
movements. No changes were found when compared to the crashes observed for the study 
period for the remaining approaches. 
In terms of operations, only a slight increase of 2 seconds of delay was observed on 
the North approach. Delay on the remaining approaches remained unchanged, as did the 
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LOS for all approaches. For this site, operations did not significantly change given the safety 
improvements made. 
The countermeasures employed focused on geometries, specifically the addition of a 
150 foot left turn lane on the North approach. The estimated cost of the lane would be 
$99,236 for construction and $1,000 for an additional signal head. As a result, the total cost 
of the simulated modifications made to the intersection would be $100,236. 
The simulated countermeasures were found to produce a crash cost of $7,496 per 
year. This loss stemmed mainly from small increases in expected Major severity crashes on 
the East approach. Given that no such crashes were observed to occur on this approach 
during the study period, but at least a fractional expected mean number of such crashes were 
predicted to occur under the simulated conditions, a loss resulted. The experienced and 
predicted crashes and the savings or losses associated with them are detailed in Appendix I. 
The delay experienced by vehicles remained unchanged on all approaches except for 
the North, which experienced a decrease of 2 seconds per vehicle. As a result of this delay 
decrease, the intersection produced a savings of $878 per year. Fuel usage at the intersection 
remained unchanged on all approaches. A breakdown of the experienced and predicted 
delays and fuel usage and their associated financial costs can be found in Appendix I. 
The net present value of the benefits accrued from the simulated countermeasures was 
$10,073 over 20 years. Over the 20 year life of the project, the total net present value of the 
costs was computed to be $186,217. The benefit-cost ratio was subsequently computed as 
$ 10,073/$ 186,217 = 0.05. As this value is less than 1.0, the selected countermeasures do not 
result in a financial benefit for the project. The model did predict safety improvements on 
the North and South approaches, which was the target of the simulated countermeasures. 
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These predicted drops would need to be kept in mind when evaluating the benefits of the 
countermeasures from a non-financial standpoint. 
University Avenue and Progress Avenue 
The intersection of University Avenue and Progress Avenue is located in Waterloo. 
University Avenue is a 6 lane roadway, while Progress Avenue is a two lane roadway. The 
East and West approaches of University Avenue have channelized left turn lanes, while the 
North approach of Progress Avenue has a channelized right turn lane. During the study 
period, the South approach exhibited poor safety performance, as evidenced in Table H.ll. 
Table H.l 1: University Avenue and Progress Avenue characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Progress Avenue SOUTH 18.10 B 
B 
1.99 
1.12 University Avenue EAST 12.90 B 0.74 
Progress Avenue NORTH 28.40 C 0.87 
University Avenue WEST 10.7 B 0.87 
Examination of the predominant crash patterns at the intersection found a high 
occurrence of turning movements failing to yield the right of way (11 of 22 crashes). Aside 
from this trend, no other crash patterns were predominant. The possible cause of the poor 
safety performance on the North approach was less clear, as only two crashes occurred there 
during the study period, both related to right turning vehicles. The only countermeasure 
would be to eliminate right turns on red, but that was not applied in this research. 
To address the safety issues at this site, modifications to the yellow change and red 
clearance intervals were made. For the North and South approaches, the all red clearance 
was changed from 1.0 second to 3.5 seconds. For the East and West approaches, the yellow 
change was increased from 5.0 to 5.5 seconds, while the all red clearance was modified from 
215 
1.0 second to 2.0 seconds. In addition to this, the left turn phasing for the intersection was 
changed from protected-permitted to protected for the East and West approaches. The results 
of these simulated changes on the safety and operational characteristics of the intersection are 
presented in Table H.l2. 
Table H.12: University Avenue and Progress Avenue characteristics following safety 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Progress Avenue SOUTH 20.90 C 
B 
1.85 
1.58 University Avenue EAST 15.20 B 1.44 
Progress Avenue NORTH 35.90 D 1.63 
University Avenue WEST 16.4 B 1.39 
The countermeasures employed for this intersection resulted in a further deterioration 
of safety, rather than an improvement. While the crash rate on the South approach fell 
slightly, remaining crash rates rose as the result of increases in the expected number of 
crashes. Given that the changes made to the intersection were primarily to the clearance 
interval, it was surprising to find that the mean expected crashes rose the greatest for through 
movements on the North, East and West approaches. The change in left turn phasing did not 
appear to have such a negative impact. 
Operationally, delay increases of between 2 and 7 seconds were experienced on all 
approaches. These increases resulted in a drop in LOS on the North and South approaches, 
while the East and West approach LOS remained unchanged. The overall intersection LOS 
remained the same, illustrating that overall operations of the intersection did not deteriorate 
given changes made to improve safety. 
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The countermeasures employed at the site were strictly related to signalization. 
Changes included revision of the yellow clearance and all red intervals for all approaches, 
and implementing protected left turn phasing on the East and West approaches rather than 
protected-permitted phasing. The total cost of the signalization changes would be $1,750. 
The simulated countermeasures were found to produce a crash cost of $27,326 per 
year. This loss stemmed mainly from small increases in expected Major severity crashes on 
the North and West approaches. Given that no such crashes were observed to occur on these 
approaches during the study period, but at least a fractional expected mean number of such 
crashes were predicted to occur under the simulated conditions, a loss resulted. The 
experienced and predicted crashes and the savings or losses associated with them are detailed 
in Appendix I. 
The delay experienced by vehicles increased on all approaches. The simulated 
increases ranged from 2 to 7 seconds per vehicle. As a result of delay increases, the four 
approaches produced a cost of $13,151 per year. A breakdown of the experienced and 
predicted delays and their associated financial costs can be found in Appendix I. 
The trends previously observed in delay on the approaches resulted in more fuel 
being used by vehicles at the intersection. Simulation showed that 3 additional gallons of 
fuel would be used per hour if the selected countermeasures were employed. The value of 
this fuel would have been $3,166 per year. A breakdown of the experienced and predicted 
fuel usage and its associated financial costs can be found in Appendix I. 
No benefits were accrued from the simulated countermeasures. Over the 20 year life 
of the project, the total net present value of the costs was computed to be $502,345. The 
benefit-cost ratio was subsequently computed as $0/$502,345 = 0.00. Even without making 
217 
this calculation, it is evident that there is no benefit to pursuing the implementation of the 
selected countermeasures. It should be noted that the model predicted safety deterioration on 
three of the intersection approaches. This must also be kept in mind when evaluating the 
benefits of the countermeasures from a non-financial standpoint. 
218 
Appendix I: Expected Crashes, Severities, Savings and Losses: 
Safety Improvements 
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N.E. 80th and IA 163 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Left 
Maj 1 0.01 0.33 $49,325 
Left 
Maj 0 0.01 0.00 -$425 
Min 0 0.13 -0.04 -$435 Min 0 0.14 -0.05 -$467 
Pos 0 0.08 -0.03 $63 Pos 2 0.07 0.64 $1,606 
PDO 1 0.36 0.21 $531 PDO 5 0.39 1.54 $3,838 
Thru 
Maj 0 0.05 -0.02 -$2,435 
Thru 
Maj 0 0.03 -0.01 -$1,690 
Min 1 0.12 0.29 $2,945 Min 0 0.13 -0.04 -$441 
Pos 1 0.25 0.25 $625 Pos 0 0.26 -0.09 -$213 
PDO 2 0.74 0.42 $1,052 PDO 0 0.82 -0.27 -$681 
Right 
Maj 0 0.00 0.00 -$190 
Right 
Maj 0 0.00 0.00 -$130 
Min 0 0.02 -0.01 -$73 Min 0 0.03 -0.01 -$84 
Pos 0 0.02 -0.01 -$17 Pos 0 0.02 -0.01 -$17 
PDO 0 0.10 -0.03 -$86 PDO 0 0.11 -0.04 -$95 
Total 6 1.89 $51,178 Total 7 2.02 $1,200 
Crashes - East Approach Crashes - West Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.03 -0.01 -$1,445 
Left 
Maj 0 0.21 -0.07 -$10,745 
Min 0 0.10 -0.03 -$321 Min 1 0.43 0.19 $1,893 
Pos 0 0.08 -0.03 -$65 Pos 0 0.31 -0.10 -$258 
PDO 0 0.41 -0.14 -$343 PDO 0 0.67 -0.22 -$561 
Thru 
Maj 0 0.16 -0.05 -$7,995 
Thru 
Maj 0 0.32 -0.11 -$16,030 
Min 0 0.27 -0.09 -$895 Min 0 0.22 -0.07 -$731 
Pos 0 0.68 -0.23 -$569 Pos 0 0.58 -0.19 -$481 
PDO 5 1.85 1.05 $2,625 PDO 2 1.23 0.26 $644 
Right 
Maj 0 0.01 0.00 -$635 
Right 
Maj 0 0.03 -0.01 -$1,340 
Min 0 0.01 0.00 -$42 Min 0 0.00 0.00 $16 
Pos 0 0.06 -0.02 -$51 Pos 0 0.06 -0.02 -$47 
PDO 0 0.31 -0.10 -$259 PDO 0 0.25 -0.08 -$208 
Total 5 3.97 -$9,996 Total 3 4.31 -$27,880 
Per Year 
$14,502 
Delay savings (peak hour): 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
volume 
Person hours 
of delay Savings/day Savings/year 
West 11 26 -15 592 -2.47 -$33.18 -$12,109 
East 20 45 -25 844 -5.86 -$78.83 -$28,774 
South 12 31 -19 171 -0.90 -$12.14 -$4,431 
North 11 34 -23 357 -2.28 -$30.68 -$11,197 
-$56,511 
7uel savings (peak hour): 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 13 16 -3 2.89 -$8.68 -$3,167 
East 24 30 -6 2.89 -$17.35 -$6,333 
South 2 3 -1 2.89 -$2.89 -$1,056 
North 5 7 -2 2.89 -$5.78 -$2,111 
-$12,667 
220 
Center St. and Merle Hibbs Dr. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Prediction 
Differenc 
e 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Maj 0 0.02 -0.01 -$940 Maj 0 0.03 -0.01 -$1,340 
Left Min 0 0.05 -0.02 -$182 Left Min 0 0.11 -0.04 -$371 
Pos 0 0.12 -0.04 -$103 Pos 2 0.07 0.64 $1,611 
PDO 0 0.32 -0.11 -$267 PDO 2 0.31 0.56 $1,412 
Maj 0 0.12 -0.04 -$5,845 Maj 1 0.18 0.27 $40,830 
Thru Min 1 0.19 0.27 $2,704 Thru Min 2 0.29 0.57 $5,702 
Pos 6 1.24 1.59 $3,967 Pos 2 1.15 0.28 $711 
PDO 4 2.03 0.66 $1,640 PDO 5 2.23 0.92 $2,308 
Maj 0 0.01 0.00 -$515 Maj 0 0.02 -0.01 -$810 
Right Min 0 0.03 -0.01 -$115 Right Min 0 0.05 -0.02 -$173 
Pos 0 0.10 -0.03 -$86 Pos 0 0.09 -0.03 -$79 
PDO 1 0.28 0.24 $601 PDO 0 0.31 -0.10 -$258 
Total 12 4.52 $858 Total 14 4.83 $49,543 
Crashes - East Approach Crashes - West Approach 
Severity Before Prediction 
e 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Maj 0 0.00 0.00 $5 Maj 0 0.00 0.00 -$60 
Left Min 0 0.00 0.00 
-$7 
Left Min 1 0.05 
0.32 $3,182 
Pos 0 0.00 0.00 -$1 Pos 0 0.02 -0.01 -$13 
PDO 1 0.01 0.33 $826 PDO 1 0.13 0.29 $725 
Maj 0 0.00 0.00 -$25 Maj 0 0.01 0.00 -$505 
Thru Min 0 0.00 0.00 
-$9 
Thru Min 0 0.08 -0.03 
-$257 
Pos 1 0.01 0.33 $828 Pos 0 0.11 -0.04 -$88 
PDO 0 0.02 -0.01 $15 PDO 1 0.31 0.23 $573 
Maj 0 0.00 0.00 $0 Maj 0 0.00 0.00 -$40 
Right Min 0 0.00 0.00 -$2 Min 0 0.01 0.00 -$19 
Pos 0 0.00 0.00 $0 lg 1 Pos 0 0.01 0.00 -$8 
PDO 0 0.00 0.00 -$2 PDO 0 0.05 -0.02 -$41 
Total 2 0.04 $1,587 Total 3 0.76 $3,449 
Per Year 
$55,438 
Delay savings: 
Delay (sec/veh) Entering Person hours 
Approach Before After Change volume of delay Savings/day Savings/year 
West 16 27 -11 172 -0.53 -$7.07 -$2,580 
East 15 28 -13 255 -0.92 -$12.39 -$4,521 
South 5 16 -11 566 -1.73 -$23.26 -$8,490 
North 5 15 -10 703 -1.95 -$26.26 -$9,587 
-$25,178 
7uel savings: 
Fuel Consumed 
Approach (gal/hr) Change/hi Cost/gal Savings/hr Savings/year 
West 2 2 0 2.89 $0.00 $0 
East 3 4 -1 2.89 -$2.89 -$1,056 
South 10 13 -3 2.89 -$8.68 -$3,167 
North 20 23 -3 2.89 -$8.68 -$3,167 
-$7,389 
221 
Douglas Ave. and 83rd St. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.00 0.00 $0 
Left 
Maj 0 0.00 0.00 -$25 
Min 0 0.01 0.00 -$33 Min 0 0.01 0.00 -$48 
Pos 0 0.01 0.00 -$6 Pos 1 0.01 0.33 $822 
PDO 0 0.07 -0.02 -$57 PDO 1 0.07 0.31 $776 
Thru 
Maj 0 0.00 0.00 -$220 
Thru 
Maj 0 0.00 0.00 -$155 
Min 0 0.02 -0.01 -$77 Min 0 0.02 -0.01 -$64 
Pos 0 0.06 -0.02 -$48 Pos 0 0.06 -0.02 -$51 
PDO 1 0.17 0.28 $692 PDO 0 0.15 -0.05 -$125 
Right 
Maj 0 0.00 0.00 $0 
Right 
Maj 0 0.00 0.00 -$10 
Min 0 0.00 0.00 $0 Min 0 0.00 0.00 -$12 
Pos 0 0.01 0.00 -$4 Pos 0 0.00 0.00 -$4 
PDO 0 0.03 -0.01 -$27 PDO 0 0.02 -0.01 -$17 
Total 1.00 0.38 $220 Total 2 0.36 $1,088 
Crashes - East A pproach Crashes - West Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.03 -0.01 -$1,500 
Left 
Maj 0 0.04 -0.01 -$1,820 
Min 0 0.10 -0.03 -$321 Min 0 0.13 -0.04 -$434 
Pos 0 0.08 -0.03 -$64 Pos 0 0.05 -0.02 -$43 
PDO 0 0.41 -0.14 -$342 PDO 0 0.47 -0.16 -$391 
Thru 
Maj 0 0.16 -0.05 -$8,000 
Thru 
Maj 1 0.21 0.26 $39,670 
Min 0 0.27 -0.09 -$900 Min 0 0.30 -0.10 -$996 
Pos 0 0.68 -0.23 -$567 Pos 1 0.72 0.09 $231 
PDO 5 1.85 1.05 $2,625 PDO 1 2.06 -0.35 -$881 
Right 
Maj 0 0.01 0.00 -$500 
Right 
Maj 0 0.02 -0.01 -$860 
Min 0 0.01 0.00 -$33 Min 0 0.01 0.00 -$21 
Pos 0 0.06 -0.02 -$50 Pos 0 0.07 -0.02 -$58 
PDO 0 0.31 -0.10 -$258 PDO 0 0.41 -0.14 -$345 
Total 5.00 3.96 -$9,910 Total 3 4.48 $34,051 
Per Year 
$25,449 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
volume 
Person hours 
of delay Savings/day Savings/year 
West 29 29 0 592 0.00 $0.00 $0 
East 27 31 -4 844 -0.94 -$12.61 -$4,604 
South 14 14 0 171 0.00 $0.00 $0 
North 79 42 37 357 3.67 $49.35 $18,013 
$13,409 
Tuel savings: 
Approach 
(gal/hr) 
Before After Change/hr Cost/gal Savings/hr Savings/year 
West 36 36 0 2.89 $0.00 $0 
East 32 34 -2 2.89 -$5.78 -$2,111 
South 2 2 0 2.89 $0.00 $0 
North 7 4 3 2.89 $8.68 $3,167 
$1,056 
222 
42nd St. and Edgewood Dr. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Maj 0 0.07 -0.02 -$3,295 Maj 0 0.05 -0.02 -$2,655 
Left 
Min 0 0.28 -0.09 -$921 
Left 
Min 0 0.35 -0.12 -$1,178 
Pos 0 0.35 -0.12 -$294 Pos 3 0.22 0.93 $2,317 
PDO 1 1.25 -0.08 -$208 PDO 4 1.62 0.79 $1,983 
Maj 1 0.13 0.29 $43,535 Maj 1 0.15 0.28 $42,475 
Thru Min 2 0.22 0.59 $5,939 Thru Min 0 0.27 -0.09 -$904 
Pos 6 0.98 1.67 $4,180 Pos 1 0.97 0.01 $26 
PDO 4 1.97 0.68 $1,689 PDO 4 2.65 0.45 $1,125 
Maj 0 0.02 -0.01 -$795 Maj 0 0.01 0.00 -$620 
Right Min 0 0.00 0.00 -$3 Right Min 0 0.01 0.00 -$43 
Pos 0 0.14 -0.05 -$118 Pos 1 0.09 0.30 $761 
PDO 3 0.80 0.73 $1,831 PDO 1 0.46 0.18 $454 
Total 17 6.21 $51,542 Total 15 6.86 $43,739 
Crashes - East Approach Crashes - West Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Maj 0 0.03 -0.01 -$1,670 Maj 0 0.02 -0.01 -$1,170 
Left 
Min 1 0.17 0.28 $2,757 
Left Min 1 0.24 0.25 $2,538 
Pos 2 0.13 0.62 $1,562 Pos 0 0.16 -0.05 -$135 
PDO 3 0.88 0.71 $1,769 PDO 4 0.73 1.09 $2,721 
Maj 0 0.08 -0.03 -$4,090 Maj 0 0.04 -0.01 -$2,125 
Thru Min 0 0.17 -0.06 -$581 Thru Min 0 0.17 -0.06 -$565 
Pos 1 0.42 0.19 $487 Pos 0 0.43 -0.14 -$359 
PDO 5 1.42 1.19 $2,984 PDO 0 1.14 -0.38 -$947 
Maj 0 0.01 0.00 -$315 Maj 0 0.00 0.00 -$155 
Right Min 0 0.01 0.00 -$32 Right Min 1 0.01 0.33 $3,308 
Pos 0 0.04 -0.01 -$30 Pos 1 0.04 0.32 $802 
PDO 3 0.24 0.92 $2,303 PDO 0 0.20 -0.07 -$164 
Total 15 3.59 $5,144 Total 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
volume 
Person hours 
of delay Savings/day Savings/year 
West 19 54 -35 519 -5.05 -$67.87 -$24,771 
East 17 21 -4 409 -0.45 -$6.11 -$2,231 
South 17 22 -5 822 -1.14 -$15.36 -$5,605 
North 21 34 -13 1226 -4.43 -$59.55 -$21,734 
-$54,341 
7ue1 savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 12 15 -3 2.89 -$8.68 -$3,167 
East 9 9 0 2.89 $0.00 $0 
South 16 17 -1 2.89 -$2.89 -$1,056 
North 24 28 -4 2.89 -$11.57 -$4,222 
-$8,445 
$3,751 
Per Year 
$104,176 
223 
IA 6 and Fairmeadows Blvd. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predict! or 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Maj 0 0.01 0.00 -$250 Maj 0 0.00 0.00 -$115 
Left Min 1 0.11 0.30 $2,975 Left Min 0 0.06 -0.02 -$216 
Pos 0 0.05 -0.02 -$44 Pos 0 0.06 -0.02 -S49 
PDO 0 0.30 -0.10 -$247 PDO 0 0.29 -0.10 -$239 
Maj 0 0.02 -0.01 -$1,135 Maj 0 0.01 0.00 -$655 
Thru Min 1 0.13 0.29 $2,902 Thru Min 0 0.09 -0.03 -$311 
Pos 1 0.21 0.26 $657 Pos 1 0.28 0.24 $603 
PDO 0 0.64 -0.21 -$536 PDO 1 0.64 0.12 $301 
Maj 0 0.00 0.00 -$100 Maj 0 0.00 0.00 -$50 
Right Min 0 0.02 -0.01 -$82 Right Min 0 0.02 -0.01 -$59 
Pos 0 0.02 -0.01 -$15 Pos 0 0.02 -0.01 -$19 
PDO 0 0.09 -0.03 -$75 PDO 0 0.09 -0.03 -$74 
Total 3 1.60 $4,050 Total 2 1.56 -$882 
Crashes - East Approach Crashes - West Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Maj 0 0.05 -0.02 -$2,270 Maj 0 0.02 -0.01 -$865 
Left Min 2 0.21 0.60 $5,964 Left Min 0 0.11 -0.04 -$364 
Pos 0 0.16 -0.05 -$135 Pos 0 0.08 -0.03 -$63 
PDO 1 0.64 0.12 $301 PDO 0 0.38 -0.13 -$313 
Maj 0 0.13 -0.04 -$6,350 Maj 0 0.12 -0.04 -$5,815 
Thru Min 0 0.26 -0.09 -$867 Thru Min 1 0.33 0.22 $2,231 
Pos 0 0.62 -0.21 -$516 Pos 1 0.70 0.10 $250 
PDO 0 1.41 -0.47 -$1,176 PDO 6 1.94 1.35 $3,384 
Maj 0 0.01 0.00 -$535 Maj 0 0.01 0.00 -$510 
Right Min 0 0.00 0.00 -$16 Right Min 0 0.06 -0.02 -$206 
Pos 0 0.06 -0.02 -$52 Pos 0 0.06 -0.02 -$51 
PDO 0 0.29 -0.10 -$245 PDO 2 0.27 0.58 $1,440 
Total 3 3.85 -$5,897 Total 10 4.07 -$881 
Per Year 
-$3,610 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
volume 
Person hours 
of delay Savings/day Savings/year 
West 17 20 -3 718 -0.60 -$8.05 -$2,937 
East 15 13 2 504 0.28 $3.77 $1,375 
South 8 11 -3 94 -0.08 -SI.05 -$385 
North 10 14 -4 173 -0.19 -$2.59 -$944 
-$2,891 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 15 15 0 2.89 $0.00 $0 
East 9 8 1 2.89 $2.89 $1,056 
South 1 1 0 2.89 $0.00 $0 
North 1 1 0 2.89 $0.00 $0 
$1,056 
224 
U.S. 69 and Airport Rd. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.05 -0.02 -$2,330 
Left 
Maj 0 0.04 -0.01 -$2,065 
Min 0 0.16 -0.05 -$517 Min 0 0.19 -0.06 -$624 
Pos 0 0.11 -0.04 -$93 Pos 0 0.07 -0.02 -$55 
PDO 4 0.61 1.13 $2,824 PDO 4 0.91 1.03 $2,578 
Thru 
Maj 0 0.10 -0.03 -$5,110 
Thru 
Maj 0 0.16 -0.05 -$8,000 
Min 0 0.14 -0.05 -$479 Min 1 0.21 0.26 $2,630 
Pos 1 0.35 0.22 $538 Pos 0 0.41 -0.14 -$341 
PDO 3 1.00 0.67 $1,670 PDO 2 1.60 0.13 $334 
Right 
Maj 0 0.01 0.00 -$430 
Right 
Maj 0 0.01 0.00 -$655 
Min 0 0.03 -0.01 -$90 Min 0 0.00 0.00 -$15 
Pos 0 0.03 -0.01 -$24 Pos 0 0.04 -0.01 -$32 
PDO 0 0.14 -0.05 -$115 PDO 0 0.33 -0.11 -$271 
Total 8 2.72 -$4,155 Total 7 3.96 -$6,516 
Crashes - East A] 
1
 
1
 Crashes - West Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.00 0.00 -$110 
Left 
Maj 0 0.01 0.00 -$350 
Min 0 0.06 -0.02 $189 Min 0 0.04 -0.01 -$131 
Pos 0 0.06 -0.02 -$46 Pos 0 0.02 -0.01 -$18 
PDO 0 0.14 -0.05 -$114 PDO 3 0.30 0.90 $2,250 
Thru 
Maj 0 0.01 0.00 $665 
Thru 
Maj 0 0.08 -0.03 -$3,955 
Min 0 0.08 -0.03 -$276 Min 0 0.06 -0.02 -$209 
Pos 0 0.26 -0.09 -$220 Pos 0 0.18 -0.06 -$151 
PDO 0 0.30 -0.10 -$254 PDO 2 0.71 0.43 $1,072 
Right 
Maj 0 0.00 0.00 -$50 
Right 
Maj 0 0.00 0.00 -$25 
Min 0 0.01 0.00 $26 Min 0 0.00 0.00 -$9 
Pos 0 0.02 -0.01 -$18 Pos 0 0.02 -0.01 -$13 
PDO 2 0.05 0.65 $1,628 PDO 1 0.12 0.29 $730 
Total 2 0.99 -$340 Total 6 1.55 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Enterin 
g 
volume 
Person hours 
of delay Savings/day Savings/year 
West 18 26 -8 557 -1.24 -SI 6.65 -$6,077 
East 9 23 -14 133 -0.52 $6.96 -$2,539 
South 17 31 -14 642 -2.50 -$33.58 -$12,257 
North 16 33 -17 1049 -4.95 -$66.63 -$24,319 
-$45,191 
?uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Savings/gal Savings/hr Savings/year 
West 9 11 -2 2.89 -$5.78 -$2,111 
East 1 2 -1 2.89 -$2.89 -$1,056 
South 10 13 -3 2.89 -$8.68 -$3,167 
North 14 18 -4 2.89 -$11.57 -$4,222 
-$10,556 
225 
Washington St. and Hawthorne 
Crash savings: 
Ave. 
Crashes - South Approach Crashes - North Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Maj 0 0.22 -0.07 -$10,880 Maj 0 0.18 -0.06 -$9,200 
Left 
Min 0 0.61 -0.20 -$2,048 
Left 
Min 0 0.66 -0.22 -$2,199 
Pos 0 0.77 -0.26 -$644 Pos 0 0.36 -0.12 -$298 
PDO 2 2.92 -0.31 -$770 PDO 0 2.92 -0.97 -$2,433 
Maj 0 0.37 -0.12 -$18,660 Maj 0 0.43 -0.14 -$21,510 
Thru 
Min 0 0.59 -0.20 -$1,960 
Thru 
Min 0 0.59 -0.20 $1,976 
Pos 2 2.25 -0.08 -$210 Pos 1 1.77 -0.26 -$642 
PDO 3 4.99 -0.66 -$1,660 PDO 5 5.49 -0.16 -$406 
Maj 0 0.03 -0.01 -$1,625 Maj 0 0.04 -0.01 -$1,920 
Right Min 0 
0.11 -0.04 -$361 
Right Min 0 0.11 -0.04 
-$360 
Pos 0 0.19 -0.06 -$156 Pos 0 0.15 -0.05 -$122 
PDO 0 0.70 -0.23 -$581 PDO 0 0.77 -0.26 -$644 
Total 7 13.76 -$39,555 Total 6 13.47 -$41,710 
Crashes - East Approach Crashes - West Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Maj 0 0.01 0.00 -$365 Maj 0 0.00 0.00 -$115 
Left Min 0 
0.11 -0.04 -$378 
Left 
Min 0 0.01 0.00 -$20 
Pos 0 0.10 -0.03 -$81 Pos 0 0.03 -0.01 -$23 
PDO 0 0.65 -0.22 -$540 PDO 0 0.16 -0.05 -$132 
Maj 0 0.05 -0.02 -$2,325 Maj 0 0.01 0.00 -$585 
Thru 
Min 0 0.16 -0.05 -$546 
Thru 
Min 1 0.07 0.31 $3,104 
Pos 1 0.48 0.17 $437 Pos 0 0.15 -0.05 -$121 
PDO 1 1.42 -0.14 -$352 PDO 3 0.36 0.88 $2,198 
Maj 0 0.00 0.00 -$205 Maj 0 0.00 0.00 -$40 
Right Min 0 0.00 0.00 -$3 Right Min 0 0.01 0.00 -$42 
Pos 0 0.05 -0.02 -$44 Pos 0 0.01 0.00 -$9 
PDO 0 0.47 -0.16 -$394 PDO 0 0.05 -0.02 -$43 
Total 2 3.50 -$4,797 Total 4 0.86 $4,171 
Per Year 
-581,890 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
volume 
Person hours 
of delay Savings/day Savings/year 
West 14 15 -1 54 -0.02 -$0.20 -$74 
East 29 31 -2 267 -0.15 -$2.00 -$728 
South 14 15 -1 1261 -0.35 -$4.71 -$1,720 
North 11 11 0 1411 0.00 $0.00 $0 
-$2,521 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 1 1 0 2.89 $0.00 $0 
East 4 4 0 2.89 $0.00 $0 
South 22 23 -1 2.89 -$2.89 -$1,056 
North 24 24 0 2.89 $0.00 $0 
-$1,056 
226 
IA 415 and N.W. 54th Ave. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.33 -0.11 -$16,690 
Left 
Maj 0 0.42 -0.14 -$20,845 
Min 0 0.25 -0.08 -$831 Min 1 0.87 0.04 $440 
Pos 0 0.25 -0.08 -$205 Pos 0 0.65 -0.22 -$539 
PDO 0 1.09 -0.36 $909 PDO 1 1.53 -0.18 -$441 
Thru 
Maj 2 0.45 0.52 $77,435 
Thru 
Maj 1 0.51 0.16 $24,635 
Min 0 0.27 -0.09 -$905 Min 2 0.93 0.36 $3,551 
Pos 1 0.72 0.09 $234 Pos 1 1.88 -0.29 -$732 
PDO 3 2.44 0.19 $463 PDO 2 3.42 -0.47 -$1,180 
Right 
Maj 0 0.04 -0.01 -$1,990 
Right 
Maj 0 0.05 -0.02 -$2,355 
Min 0 0.05 -0.02 $169 Min 0 0.18 -0.06 -$584 
Pos 0 0.06 -0.02 $51 Pos 0 0.16 -0.05 -$130 
PDO 0 0.34 -0.11 -$286 PDO 0 0.47 -0.16 $395 
Total 6 6.30 $56,097 Total 8 11.05 $1,425 
Crashes - East Approach Crashes - West Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.01 0.00 -$680 
Left 
Maj 0 0.00 0.00 -$215 
Min 0 0.22 -0.07 -$748 Min 0 0.08 -0.03 -$253 
Pos 0 0.12 -0.04 -$98 Pos 0 0.05 -0.02 -$44 
PDO 0 0.57 -0.19 -$479 PDO 1 0.25 0.25 $623 
Thru 
Maj 0 0.08 -0.03 -$3,990 
Thru 
Maj 0 0.02 -0.01 -$1,210 
Min 0 0.33 -0.11 -$1,097 Min 0 0.11 -0.04 -$365 
Pos 0 0.54 -0.18 -$453 Pos 0 0.24 -0.08 -$202 
PDO 2 1.26 0.25 $613 PDO 1 0.56 0.15 $370 
Right 
Maj 0 0.01 0.00 -$325 
Right 
Maj 0 0.00 0.00 $95 
Min 0 0.06 -0.02 -$201 Min 0 0.02 -0.01 -$67 
Pos 0 0.04 -0.01 -$37 Pos 0 0.02 -0.01 $16 
PDO 0 0.17 -0.06 -$145 PDO 0 0.08 -0.03 -$65 
-$1,539 
Per Year 
$48,343 
Delay (sec/veh) Entering Person hours 
Approach Before After Change volume of delay Savings/day Savings/year 
West 13 13 0 64 0.00 $0.00 $0 
East 25 22 3 165 0.14 $1.85 $675 
South 7 7 0 476 0.00 $0.00 SO 
North 14 10 4 1220 1.36 $18.23 $6,655 
$7,330 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 1 1 0 2.89 $0.00 $0 
East 5 4 1 2.89 $2.89 $1,056 
South 9 10 -1 2.89 -$2.89 -$1,056 
North 30 34 -4 2.89 -$11.57 -$4,222 
-$4,222 
Total 2 3.43 -$7,640 Total 2 1.44 
Delay savings: 
227 
IA 21 and Orange Rd. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.01 0.00 -$405 
Left 
Maj 0 0.01 0.00 -$370 
Min 0 0.02 -0.01 -$81 Min 0 0.02 -0.01 -$80 
Pos 1 0.08 0.31 $768 Pos 0 0.07 -0.02 -$60 
PDO 1 0.15 0.28 $706 PDO 1 0.19 0.27 $677 
Thru 
Maj 0 0.07 -0.02 -$3,470 
Thru 
Maj 0 0.04 -0.01 -$1,940 
Min 0 0.06 -0.02 -$216 Min 0 0.03 -0.01 -$108 
Pos 1 0.64 0.12 $297 Pos 0 0.32 -0.11 -$270 
PDO 4 0.83 1.06 $2,640 PDO 0 0.41 -0.14 -$339 
Right 
Mai 0 0.01 0.00 -$265 
Right 
Maj 0 0.00 0.00 -$150 
Min 0 0.00 0.00 -$4 Min 0 0.00 0.00 -$2 
Pos 0 0.06 -0.02 -$51 Pos 0 0.03 -0.01 -$27 
PDO 0 0.17 -0.06 -$144 PDO 1 0.09 0.30 $761 
Total 7 2.11 -$225 Total 2 1.22 -$1,907 
Crashes - East Approach Crashes - West Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.01 0.00 -$540 
Left 
Maj 0 0.00 0.00 -$170 
Min 0 0.09 -0.03 -$295 Min 0 0.03 -0.01 -$106 
Pos 0 0.09 -0.03 -$74 Pos 0 0.03 -0.01 -$28 
PDO 0 0.36 -0.12 -$297 PDO 0 0.12 -0.04 -$98 
Thru 
Maj 0 0.06 -0.02 -$2,880 
Thru 
Maj 0 0.02 -0.01 -$920 
Min 0 0.13 -0.04 -$424 Min 0 0.05 -0.02 -$151 
Pos 1 0.39 0.20 $510 Pos 1 0.15 0.28 $712 
PDO 1 0.77 0.08 $194 PDO 0 0.25 -0.08 -$211 
Right 
Maj 0 0.00 0.00 -$245 
Right 
Maj 0 0.00 0.00 -$75 
Min 0 0.02 -0.01 -$79 Min 0 0.01 0.00 -$28 
Pos 0 0.03 -0.01 -$28 Pos 0 0.01 0.00 -$10 
PDO 0 0.11 -0.04 -$90 PDO 0 0.04 -0.01 -$30 
Total 2 2.06 -$4,249 Total 1 0.71 -$1,116 
Per Year 
-$7,496 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
volume 
Person hours 
of delay Savings/day Savings/year 
West 20 20 0 96 0.00 $0.00 $0 
East 11 11 0 70 0.00 $0.00 $0 
South 4 4 0 226 0.00 $0.00 $0 
North 9 7 2 322 0.18 $2.41 $878 
$878 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 2 2 0 2.89 $0.00 $0 
East 1 1 0 2.89 $0.00 so 
South 3 3 0 2.89 $0.00 $0 
North 5 5 0 2.89 $0.00 $0 
$0 
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University Ave. and Progress Blvd. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.00 0.00 -$125 
Left 
Maj 0 0.00 0.00 -$180 
Min 0 0.07 -0.02 -$230 Min 0 0.17 -0.06 -$556 
Pos 1 0.03 0.32 $806 Pos 0 0.09 -0.03 -$74 
PDO 0 0.36 -0.12 -$299 PDO 0 1.11 -0.37 -$921 
Thru 
Maj 0 0.02 -0.01 -$975 
Thru 
Maj 0 0.03 -0.01 -$1,510 
Min 0 0.11 -0.04 -$353 Min 0 0.25 -0.08 -$846 
Pos 0 0.24 -0.08 -$201 Pos 0 0.65 -0.22 -$545 
PDO 1 0.86 0.05 $114 PDO 0 2.67 -0.89 -$2,221 
Right 
Maj 0 0.00 0.00 -$75 
Right 
Maj 0 0.00 0.00 -$110 
Min 0 0.02 -0.01 -$65 Min 0 0.00 0.00 -$12 
Pos 0 0.02 -0.01 -$16 Pos 0 0.06 -0.02 -$50 
PDO 0 0.12 -0.04 -$100 PDO 2 0.59 0.47 $1,171 
Total 2 1.85 -$1,518 Total 2 5.63 -$5,853 
Crashes - East Approach Crashes - West Ap] 3 1
 
Severity Before Prediction 
Difference 
per year 
Savings 
per year Severity Before Prediction 
Difference 
per year 
Savings 
per year 
Left 
Maj 1 0.17 0.28 $41,715 
Left 
Maj 0 0.17 -0.06 -$8,540 
Min 1 0.69 0.10 $1,047 Min 1 0.81 0.06 $623 
Pos 0 0.40 -0.13 -$335 Pos 1 0.47 0.18 $445 
PDO 1 3.56 -0.85 -$2,136 PDO 2 3.09 -0.36 -$908 
Thru 
Maj 0 0.41 -0.14 -$20,470 
Thru 
Maj 0 0.36 -0.12 -$17,770 
Min 0 0.55 -0.18 -$1,841 Min 0 0.56 -0.19 -$1,877 
Pos 0 2.54 -0.85 -$2,117 Pos 1 2.61 -0.54 -$1,346 
PDO 4 6.12 -0.71 -$1,770 PDO 5 5.22 -0.07 -$182 
Right 
Maj 0 0.03 -0.01 -$1,625 
Right 
Maj 0 0.03 -0.01 -$1,390 
Min 0 0.10 -0.03 -$332 Min 0 0.10 -0.03 -$338 
Pos 0 0.20 -0.07 -$164 Pos 0 0.20 -0.07 -$169 
PDO 1 0.85 0.05 $129 PDO 0 0.73 -0.24 -$606 
Total 8 15.62 $12,102 Total 10 14.35 -$32,056 
Per Year 
-$27,326 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
volume 
Person hours 
of delay Savings/day Savings/year 
West 11 16 -5 1038 -1.44 $19.39 -$7,078 
East 13 15 -2 1086 -0.60 -$8.11 $2,962 
South 18 21 -3 98 -0.08 -$1.10 -$401 
North 27 34 -7 284 -0.55 -$7.43 -$2,711 
-$13,151 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 18 20 -2 2.89 -$5.78 -$2,111 
East 20 21 -1 2.89 -$2.89 -$1,056 
South 1 1 0 2.89 $0.00 $0 
North 3 3 0 2.89 $0.00 $0 
-$3,167 
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Appendix J: Operational Assessments 
The following sections review the results of the remaining intersections for which 
operational countermeasures were employed. 
U.S. 69 and N.E. Broadway Avenue 
The intersection of U.S. 69 and N.E. Broadway Avenue is located in Des Moines. 
During the study period, this intersection had a four phase timing plan, with protected left 
turns for such lane groups on all approaches. Each approach has channelized left turn lanes 
present, with shared through-right turn lanes. Table J.l presents the operational and safety 
characteristics of the intersection. 
Table J.l : U.S. 69 and N.E. Broadway Avenue c 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
US 69 (NE 14th Street) SOUTH 50.60 D 
D 
0.57 
0.63 NE 46th Ave (NE Broadway Ave) EAST 33.80 C 0.32 
US 69 (NE 14th Street) NORTH 63.60 E 0.23 
NE 46th Ave (NE Broadway Ave) WEST 39.10 D 1.39 
îaractenstics 
In examining the delay occurring at the intersection, it was evident that the primary 
problems occurring were the result of poor left turn operations. By changing these lane 
groups from protected to protected-permitted too allow for more left turn movements, LOS 
improved on all approaches. In addition, optimization of the cycle length from 120 to 90 
seconds led to further improvement. A summary of the operational and safety changes that 
resulted from these simulated countermeasures are displayed in Table J.2. 
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Table J.2: U.S. 69 and N.E. Broadway Avenue characteristics following operational 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
US 69 (NE 14th Street) SOUTH 31.50 C 
C 
0.58 
0.49 NE 46th Ave (NE Broadway Ave) EAST 28.10 c 0.35 
US 69 (NE 14th Street) NORTH 24.40 c 0.53 
NE 46th Ave (NE Broadway Ave) WEST 35.60 c 0.50 
Operations on all approaches improved given the simulated changes. In terms of 
delay, drops of between 5 seconds and 40 seconds were produced. Subsequently, LOS 
improved to C for all approaches (except the East, which remained at C). 
Impacts on safety were mixed, as some increases in crash rates were observed. For 
the most part, these were minimal (South and East approaches), although the North approach 
did experience an increase of 0.30. The West approach did experience a drop in crash rate of 
0.89, offsetting the increases on other approaches. This was the result of a drop in the mean 
expected number of Minor, Possible and PDO crashes for through movements on the West 
approach. No changes in the severities on the remaining approaches were found when 
compared to the crashes observed for the study period. The impacts on safety given the 
operational changes at the site were mixed, as both improvements and declines were noted. 
The countermeasures employed at the site consisted entirely of signalization changes. 
Signalization countermeasures included optimizing the signal timings and changing the 
protected phases for all left turns to protected-permitted phases. The cost of these 
countermeasures would be $1,750. 
In terms of crash savings, it was found that the simulated changes to the intersection 
would result in a total cost of $43,623 per year. This loss stemmed mainly from small 
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increases in expected Major severity crashes on the North and South approaches. Given that 
no such crashes were observed to occur on these approaches during the study period, but at 
least a fractional expected mean number of such crashes were predicted to occur under the 
simulated conditions, a loss resulted. A breakdown of the experienced and predicted crashes 
and the savings or losses associated with them can be found in Appendix K. 
Delay was found to decrease on all approaches, with the most significant decrease 
occurring on the North approach. Seconds of delay per vehicle dropped between 7 and 41 
seconds, depending on the approach. The result was a savings of $107,264 per year. A 
breakdown of the experienced and predicted delays and their associated financial costs can 
be found in Appendix K. 
The decrease in delay on the North approach resulted in less fuel being used by 
vehicles. Simulation showed that 19 fewer gallons of fuel per hour would be consumed if the 
selected countermeasures were employed. The value of this fuel would have been $20,056 
per year. A breakdown of the experienced and predicted fuel usage and its associated 
financial costs can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $1,460,355. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $502,109. The benefit-cost ratio was subsequently computed 
as $ 1,460,3 55/$502,109 = 2.91. As this value is greater than 1.0, the implementation of the 
selected countermeasures would be beneficial. 
S. W. State Street and Oralabor Road 
The intersection of S.W. State Street and Oralabor Road is located in Ankeny. This 
intersection had a four phase timing plan during the study period, with protected left turns for 
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such lane groups on all approaches. Each approach has channelized left turn lanes present, 
with two left turn bays on the East approach (Oralabor Road). In addition, the South 
approach of S.W. State Street and West approach of Oralabor Road has channelized right 
turn lanes. Table J. 3 presents the operational and safety characteristics of the intersection. 
Table J.3: S.W. State Street and Oralabor Road characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
LA 415 (SW State St) SOUTH 31.10 C 
D 
0.55 
0.80 IA 160 (Oralabor Road) EAST 48.90 D 1.69 SW State St NORTH 77.60 E 0.50 
IA 415 WEST 43.50 D 0.48 
Operations at the intersection suffer primarily from the delay to left turning lane 
groups. By changing these lane groups from protected to protected-permitted to allow for 
more left turning movements to be made, LOS improved on all approaches. In addition, 
optimization of the cycle length from 145 to 85 seconds led to further improvement. A 
summary of the operational and safety changes that resulted from these simulated 
countermeasures are displayed in Table J.4. 
Table J.4: S.W. State Street and Oralabor Road characteristics following operational 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
IA 415 (SW State St) SOUTH 15.30 B 
C 
0.24 
0.30 IA 160 (Oralabor Road) EAST 27.10 C 0.24 
SW State St NORTH 23.40 C 0.38 
LA 415 WEST 27.20 C 0.35 
Operations at the site improved across the board given the simulated changes. Delay 
fell between 14 seconds and 54 seconds on all approaches, with LOS subsequently 
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improving. The North produced the greatest improvement, as the decrease in its delay 
resulted in LOS changing from E to C. 
Safety at the site was also positively affected by the changes. Crash rates on all 
approaches fell, with the greatest improvement occurring on the East approach. On this 
approach, the mean expected number of crashes for through movements fell for the Major, 
Possible and PDO levels of severity. The expected number of Possible severity through 
crashes also fell on the South approach. On the remaining approaches, no changes in 
severities were found when compared to the crashes observed for the study period. Overall, 
safety was positively impacted by the operation changes made to the intersection. 
The countermeasures employed at the site consisted entirely of signalization changes. 
These included optimizing the signal timings and changing the protected phases for all left 
turns to protected-permitted phases. The cost of these countermeasures would be $1,750. 
In terms of crashes, it was found that the simulated changes to the intersection would 
result in a total savings of $101,035 per year. These savings stemmed mainly from expected 
decreases in crashes on the East approach. A breakdown of the experienced and predicted 
crashes and the savings or losses associated with them can be found in Appendix K. 
Delay was found to decrease on all approaches, with the most significant decrease 
occurring on the North approach. Seconds of delay per vehicle dropped between 15 and 53 
seconds, depending on the approach. The result was a savings of $113,867 per year. A 
breakdown of the experienced and predicted delays and their associated financial costs can 
be found in Appendix K. 
The decrease in delay on the North approach resulted in less fuel being used by 
vehicles. Simulation showed that 18 fewer gallons of fuel per hour would be consumed if the 
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selected countermeasures were employed. The value of this fuel would have been $19,000 
per year. A breakdown of the experienced and predicted fuel usage and its associated 
financial costs can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $2,682,855. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $1,750. The benefit-cost ratio was subsequently computed as 
$2,682,855/$!,750 = 1,533.06. This value, which is greater than 1, illustrates that the 
implementation of the selected countermeasures would be beneficial. In this case, the low 
cost of the countermeasures and high value of the benefits would make this an extremely 
attractive project. 
S.E. Delaware and Oralabor Road 
The intersection of S.E. Delaware Avenue and Oralabor Road is located in Ankeny. 
During the study period, this intersection had a four phase timing plan, with protected left 
turns for such lane groups on all approaches. The North approach (Delaware) is served by 
two left turn bays. In addition, the East approach of Oralabor Road has channelized right 
turn lanes. Table J.5 presents the operational and safety characteristics of the intersection. 
Table J.5: S.E. Delaware and Oralabor Road characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
SE Delaware Avenue SOUTH 46.70 D 
D 
1.58 
0.80 LA 160 (Oralabor Road) EAST 27.70 C 0.60 SE Delaware Avenue NORTH 39.40 D 0.68 
IA 160 (Oralabor Road) WEST 72.20 E 0.32 
To improve operations, the left turn phases on Oralabor Road were changed from 
protected to protected-permitted to address delays observed for such movements. This, 
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coupled with changes in the length of green time allocated to the various lane groups and an 
optimization of the cycle length from 135 to 90 seconds, produced the operational 
improvements presented in Table J.6. It should be noted that, while the overall approach 
LOS improved, the left turn movement LOS for the North and West approaches was a D and 
an E for the South approach. 
Table J.6: S.E. Delaware and Oralabor Road characteristics following operational 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
SE Delaware Avenue SOUTH 31.20 C 
C 
0.75 
1.00 LA 160 (Oralabor Road) EAST 34.30 c 0.98 
SE Delaware Avenue NORTH 30.30 c 1.40 
IA 160 (Oralabor Road) WEST 34.10 c 0.87 
Given the simulated operational changes employed, improvements occurred on all 
intersection approaches except the East, where delay increased by 9 seconds. For the 
improved approaches, delay fell by between 7 seconds and 38 seconds. These improvements 
resulted in LOS for all approaches rising to C (except for the East approach, which remained 
at C). 
Given the operational changes made, safety was adversely impacted. While the South 
approach did experience a drop in the computed crash rate, all remaining approaches saw 
increases. The East approach saw increases in expected left turning PDO crashes, as well as 
Possible and PDO through crashes. The North approach saw increases in expected Minor, 
Possible and PDO through crashes, while the West approach saw an increase in through PDO 
crashes. As a result, the operational changes employed at the intersection had a negative 
impact on intersection safety. 
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The countermeasures employed at the site consisted entirely of signalization changes. 
These included optimizing the signal timings and changing the protected phases for all left 
turns to protected-permitted phases. The cost of these countermeasures would be $1,750. 
In terms of crash savings, it was found that the simulated changes to the intersection 
would result in a total cost of $75,723 per year. This loss stemmed mainly from small 
increases in expected Major severity crashes on all approaches. Given that no such crashes 
were observed to occur on these approaches during the study period, but at least a fractional 
expected mean number of such crashes were predicted to occur under the simulated 
conditions, a loss resulted. A breakdown of the experienced and predicted crashes and the 
savings or losses associated with them can be found in Appendix K. 
Delay was found to decrease on all approaches except the East, where it increased by 
7 seconds per vehicle. On the remaining approaches, seconds of delay per vehicle dropped 
between 10 and 38 seconds, depending on the approach. The result was a savings of $44,931 
per year. A breakdown of the experienced and predicted delays and their associated financial 
costs can be found in Appendix K. 
The increase in delay on the East approach resulted in more fuel being used by 
vehicles. Simulation showed that 2 more gallons of fuel per hour would be consumed if the 
selected countermeasures were employed. The value of this fuel would have been $2,111 per 
year. A breakdown of the experienced and predicted fuel usage and its associated financial 
costs can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $515,350. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $894,509. The benefit-cost ratio was subsequently computed 
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as $515,350/$894,509 = 0.58. This value, which is less than 1.0, illustrates that the 
implementation of the selected countermeasures would not be financially beneficial. 
S. W. 28th Street/Irvinedale Drive and Oralabor Road 
The intersection of S.W. 28th Street/Irvinedale Drive and Oralabor Road is located in 
Ankeny. This intersection had a four phase timing plan implemented during the study period 
consisting of a protected-permitted left turn phase on Oralabor Road. Additional phases 
included Oralabor through lane groups, as well as split phases allowing all lane groups on the 
North and South approaches to move separately. The South, North and East approaches also 
have channelized right turn lanes present. Table J.7 presents the operational and safety 
characteristics of the intersection. 
Table J.7: S.W. 28th Street/Irvinedale Drive and Oralabor Road characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
SW 28 th Street SOUTH 63.70 E 
D 
0.71 
0.71 LA 415 (Oralabor Road) EAST 38.00 D 0.31 
SW Irvinedale Drive NORTH 18.70 B 1.07 
IA 415 (Oralabor Road) WEST 32.40 C 0.75 
In examining the operational performance of the intersection for the study period, 
delay to the through lane groups on the South (S.W. 28th Street) and East (Oralabor Road) 
approaches were the cause of the LOS problems at the intersection. These were resolved by 
optimizing the phasing splits and the cycle length (from 120 to 75 seconds). These resulted 
in the operational and safety characteristics presented in Table J.8. 
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Table J.8: S.W. 28th Street/Irvinedale Drive and Oralabor Road characteristics following 
operational changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
SW 28th Street SOUTH 25.60 C 
C 
1.01 
0.68 IA 415 (Oralabor Road) EAST 27.00 c 0.67 SW Irvinedale Drive NORTH 16.70 B 0.58 
IA 415 (Oralabor Road) WEST 34.70 C 0.45 
The simulated operational changes produced reduced delay on the North, South and 
East approaches and only a small increase (3 seconds) on the West approach. These 
reductions resulted in LOS improvements on the South and East approaches, while the LOS 
on the North and West approaches remained unchanged. As a result of these improvements, 
the overall intersection LOS improved as well. 
In terms of safety, the operational changes employed produced mixed results. Crash 
rates increased on the South and East approaches, while they fell on the North and West 
approaches. While these increases and decreases offset one another for the most part, they 
still indicate that some of the operational changes may have a negative impact in terms of 
safety. No changes in crash severities were found when compared to the crashes observed 
for the study period. It can be concluded that at this site, the impacts of operational changes 
on safety were mixed. 
The countermeasures employed at the site consisted entirely of signalisation changes. 
These included optimizing the signal timings and changing the protected phases for all left 
turns to protected-permitted phases. The cost of these countermeasures would be $1750. 
In terms of crash savings, it was found that the simulated changes to the intersection 
would result in a total cost of $16,072 per year. This loss stemmed mainly from small 
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increases in expected Major severity crashes on all approaches. Given that no such crashes 
were observed to occur on these approaches during the study period, but at least a fractional 
expected mean number of such crashes were predicted to occur under the simulated 
conditions, a loss resulted. A breakdown of the experienced and predicted crashes and the 
savings or losses associated with them can be found in Appendix K. 
Delay was found to decrease on all approaches except the West, where it increased by 
2 seconds per vehicle. On the remaining approaches, seconds of delay per vehicle dropped 
between 2 and 38 seconds, depending on the approach. The result was a savings of $21,550 
per year. A breakdown of the experienced and predicted delays and their associated financial 
costs can be found in Appendix K. 
The decrease in delay on the East and South approaches resulted in less fuel being 
used by vehicles. Simulation showed that 4 fewer gallons of fuel per hour would be 
consumed if the selected countermeasures were employed. The value of this fuel would have 
been $3,166 per year. A breakdown of the experienced and predicted fuel usage and its 
associated financial costs can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $283,502. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $186,105. The benefit-cost ratio was subsequently computed 
as $283,502/5186,105 = 1.52. This value, which is greater than 1.0, illustrates that the 
implementation of the selected countermeasures would be financially beneficial. 
Ansborough Avenue and Sergeant Road 
The intersection of Ansborough Avenue and Sergeant Road is located in Waterloo. 
During the study period, the intersection featured a three phase timing plan, with protected 
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left turns on Sergeant Road. The remaining two phases were dedicated to through lane 
groups on both Sergeant Road and Ansborough Avenue. Sergeant Road features channelized 
left turn lanes, while Ansborough Avenue features channelized right turn lanes. Table J.9 
presents the operational and safety characteristics of the intersection. 
Table J.9: Ansborough Avenue and Sergeant Road characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Ansborough Avenue SOUTH 29.40 C 
D 
0.64 
0.59 US 63 (Sergeant Road) EAST 20.60 c 0.47 Ansborough Avenue NORTH 72.00 E 0.59 
US 63 (Sergeant Road) WEST 26.80 C 0.65 
The intersection operates acceptably, with the exception of the through movement on 
the North approach, where excessive delay resulted in an LOS E. To address this, the cycle 
length was optimized from 63 to 70 seconds. Additional operational gains were achieved by 
changing the protected left turns on Sergeant Road to protected-permitted to facilitate 
additional turning movements. These resulted in the operational and safety characteristics 
presented in Table J. 10. 
Table J.10: Ansborough Avenue and Sergeant Road characteristics following operational 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Ansborough Avenue SOUTH 20.50 C 
B 
1.35 
0.86 US 63 (Sergeant Road) EAST 15.90 B 0.49 
Ansborough Avenue NORTH 22.50 C 0.93 
US 63 (Sergeant Road) WEST 15.20 B 0.67 
Operationally, improvements occurred on the North, East and West approaches. 
These were the result of decreases in delay along each approach of between 5 seconds and 50 
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seconds. Given the decreases in delay, LOS on each approach rose, from C to B on the East 
and West approaches and from E to C on the North approach. LOS on the South approach 
remained unchanged at C. 
The safety impacts of the operational changes employed were negative. All 
approaches saw increases in crash rates, which were the result of increases in the expected 
mean number of crashes on the approaches. While these increases were not as pronounced 
on the East and West approaches, they were on the North and South approaches. The South 
approach saw increases in expected crashes for all movements at the PDO level, while the 
North approach saw an increase for through movement PDO crashes. Overall, this site 
illustrated a case where operational improvements had a negative impact on safety across the 
board. 
The countermeasures employed at the site consisted entirely of signalisation changes. 
These included optimizing the signal timings and changing the protected phases for left turns 
on the East and West approaches to protected-permitted phases. The cost of these 
countermeasures would be $1,750. 
In terms crash savings, it was found that the simulated changes to the intersection 
would result in a total cost of $61,217 per year. This loss stemmed mainly from small 
increases in expected Major severity crashes on all approaches. Given that no such crashes 
were observed to occur on these approaches during the study period, but at least a fractional 
expected mean number of such crashes were predicted to occur under the simulated 
conditions, a loss resulted. A breakdown of the experienced and predicted crashes and the 
savings or losses associated with them can be found in Appendix K. 
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Delay was found to decrease on all approaches. Decreases in delay were found to be 
between 4 and 50 seconds per vehicle, depending on the approach. The result was a savings 
of $48,123 per year. A breakdown of the experienced and predicted delays and their 
associated financial costs can be found in Appendix K. 
The decrease in delay on all approaches resulted in less fuel being used by vehicles. 
Simulation showed that 12 fewer gallons of fuel per hour would be consumed if the selected 
countermeasures were employed. The value of this fuel would have been $12,666 per year. 
A breakdown of the experienced and predicted fuel usage and its associated financial costs 
can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $697,255. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $703,909. The benefit-cost ratio was subsequently computed 
as $697,255/$703,909 = 0.99. The nearness of this value to 1.0 suggests that the 
implementation of the selected countermeasures may be financially beneficial. 
Dodge Street (U.S. 20) and Crescent Ridge 
The intersection of Dodge Street and Crescent Ridge is located in Dubuque. This site 
had a three phase timing plan consisting of a protected left turn phase for lane groups on 
Dodge Street, with the remaining two phases dedicated to serving through/right turn lane 
groups on Dodge Street and Crescent Ridge, respectively. The West approach on Dodge 
Street has a dedicated left turn lane, while the East approach has two left turn lanes, as well 
as a right turn lane. Both the North and South approaches of Crescent Ridge had a 
channelized right turn lane. Table J.11 presents the operational and safety characteristics of 
the intersection. 
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Table J.l 1: Dodge Street and Crescent Ridge characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Crescent Ridge SOUTH 34.50 C 
D 
0.64 
0.70 US 20 (Dodge Street) EAST 26.30 c 0.45 
Crescent Ridge NORTH 55.60 E 1.08 
US 20 (Dodge Street) WEST 43.90 D 0.61 
In examining the operations of the intersection, through lane groups on both the North 
and South approaches (Crescent Ridge) were found to experience excessive delay. The 
problem stemmed from the dual nature of the lanes on these approaches serving both left turn 
and through lane groups. To address these problems, left turn lanes of the same length as 
existing right turn lanes were added to the approaches. In addition, signal timings were 
optimized, resulting in the operational and safety characteristics presented in Table J. 12. 
Table J.12: Dodge Street and Crescent Ridge characteristics following operational 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Crescent Ridge SOUTH 13.60 B 
C 
0.82 
0.58 US 20 (Dodge Street) EAST 25.00 C 0.36 Crescent Ridge NORTH 17.10 B 0.79 
US 20 (Dodge Street) WEST 28.90 C 0.34 
These simulated operational changes resulted in reductions in delay along all 
approaches. These reductions were between 1 second and 38 seconds, subsequently 
improving LOS on the South, North and West approaches (the East remained unchanged). 
The most significant change was on the North approach, where LOS went from an E to a B. 
From a safety standpoint, operational changes were largely beneficial. Crash rates 
decreased on all approaches except for the South. In this case, the crash rate only increased 
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by 0.18. The safety improvements resulted from decreases in PDO crashes for the through 
movements on the East and North approaches, and Major, Minor and Possible severities for 
through movements on the West approach. Overall, the operational changes implemented for 
this site had a positive impact on safety. 
The countermeasures employed at the site consisted of signalisation and geometric 
changes. Signalisation countermeasures included optimising the signal timings at a cost of 
$1,750. In addition, geometric changes included the addition of a 74 foot left turn lane to the 
North approach and a 89 foot left turn lane to the South approach. The cost of these lanes 
was estimated to be $194,603. The total costs associated with all of the simulated 
countermeasures would be $196,353. 
In terms crash savings, it was found that the simulated changes to the intersection 
would result in a total savings of $18,498 per year. These savings were primarily the result 
of the predicted decrease of crashes on the West approach. A breakdown of the experienced 
and predicted crashes and the savings or losses associated with them can be found in 
Appendix K. 
Delay was found to decrease on all approaches. Decreases in delay were found to be 
between 1 and 40 seconds per vehicle, depending on the approach. The result was a savings 
of $49,401 per year. A breakdown of the experienced and predicted delays and their 
associated financial costs can be found in Appendix K. 
Despite the decrease in delay on all approaches, the simulation showed that more fuel 
would be used by vehicles. It was found that 5 more gallons of fuel per hour would be 
consumed if the selected countermeasures were employed. The value of this fuel would have 
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been $5,277 per year. A breakdown of the experienced and predicted fuel usage and its 
associated financial costs can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $778,799. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $255,140. The benefit-cost ratio was subsequently computed 
as $778,799/$255,140 = 3.05. This value, which is greater than 1.0, illustrates that the 
implementation of the selected countermeasures would be financially beneficial. 
Kimball Avenue and San Maman Drive 
The intersection of Kimball Avenue and San Maman Drive is located in Waterloo. 
During the study period, this intersection had a four phase timing plan implemented. The 
plan consisted of split phases that were incorporated for the North and South approaches, as 
well as a protected-permitted phase for left turns and a phase for the through lane groups on 
San Maman Drive. Channelized left turn lanes are present on both approaches of San 
Maman Drive, as is a channelized right turn on the East approach. The North approach has a 
dedicated left turn lane, as well as a shared left-through-right lane. Table J. 13 presents the 
operational and safety characteristics of the intersection. 
Table J.13: Kimball Avenue and San Maman Drive characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Kimball Avenue SOUTH 24.2 C 
D 
0.00 
0.75 San Maman Drive EAST 18.5 B 0.64 
Kimball Avenue NORTH 96.9 F 1.12 
San Maman Drive WEST 25.9 C 1.26 
Operationally, only the lane groups on the North approach were performing poorly, as 
evidenced by excessive delay. Given the double left turn lane on the North approach, the 
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split phase needed to remain in place. This limited the options in terms of countermeasures 
which would be implemented. However, only a change in the cycle length from 70 seconds 
to 75 seconds, along with optimizing the signal phases, was necessary to improve operations. 
While the LOS on the North approach only improved to a D, delay fell from 96 seconds to 48 
seconds. The resulting operational and safety characteristics are presented in Table J. 14. 
Table J. 14: Kimball Avenue and San Maman Drive characteristics following operational 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Kimball Avenue SOUTH 27.1 C 
C 
0.62 
0.39 San Maman Drive EAST 21.2 c 0.35 
Kimball Avenue NORTH 48.8 D 0.33 
San Maman Drive WEST 30.7 C 0.28 
In terms of operations, the site did not improve a great deal. Delay actually increased 
on the South, East and West approaches. However, it decreased on the North approach, 
which was the root of the operational problems. On this approach, delay fell from 96 
seconds to 48 seconds. This produced an improved LOS of D, which was more acceptable 
than the LOS F occurring during the study period. While LOS did degrade on the remaining 
three approaches, the overall intersection LOS improved to a C. 
Operational impacts on safety were mostly beneficial. The crash rate decreased for 
all approaches except the South. This approach experienced no crashes during the study 
period, and since the mean expected number of crashes was not zero, an increase (although 
low) was predicted. Aside from a drop in through movement PDO crashes on the West 
approach, no changes in crash severities were found when compared to the crashes observed 
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for the study period. Overall, the operational changes made to the site had a positive impact 
on safety. 
The countermeasures employed at the site consisted entirely of signalisation changes. 
This involved optimizing the signal timings at an estimated cost of $1,750. In terms of crash 
savings, it was found that the simulated changes to the intersection would result in a total 
savings of $48,999 per year. These savings were the result of fewer predicted crashes on the 
North and West approaches. A breakdown of the experienced and predicted crashes and the 
savings or losses associated with them can be found in Appendix K. 
Delay was found to increase on all approaches except for the North. Increases in 
delay ranged between 3 and 5 seconds per vehicle while delay on the North approach 
declined by 48 seconds per vehicle. The result was a savings of $39,348 per year. A 
breakdown of the experienced and predicted delays and their associated financial costs can 
be found in Appendix K. 
The decrease in delay on the North approach resulted in less fuel being used by 
vehicles. Simulation showed that 6 fewer gallons of fuel per hour would be consumed if the 
selected countermeasures were employed. The value of this fuel would have been $6,333 per 
year. A breakdown of the experienced and predicted fuel usage and its associated financial 
costs can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $1,085,982. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $1,750. The benefit-cost ratio was subsequently computed as 
$1,085,982/$!,750 = 620.56. This value, which is greater than 1.0, illustrates that the 
implementation of the selected countermeasures would be beneficial. In this case, the low 
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cost of the countermeasures and high value of the benefits would make this an extremely 
attractive project. 
Douglas Avenue and 83rd Street 
The intersection of Douglas Avenue and 83rd Street is located in Urbandale. During 
the study period, the intersection featured a three phase timing plan. The Douglas Avenue 
approaches featured phases for the left turn and through lane groups, while the 83rd Street 
approaches had one phase for all lane groups. Both approaches on Douglas Avenue have 
channelized left and right turn lanes, while the South approach of 83rd Street has a 
channelized right turn lane. Table J. 15 presents the operational and safety characteristics of 
the intersection. 
Table J. 15: Douglas Avenue and 83rd Street characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
83rd Street SOUTH 15.20 B 
C 
2.23 
1.86 Douglas Avenue EAST 29.00 C 0.46 83rd Street NORTH 78.80 E 4.46 
Douglas Avenue WEST 28.30 C 0.28 
For this site, poor operations occurred on the North approach. The cause of the 
excessive delay to lane groups on this approach was the result of heavy left turning traffic. 
Only limited improvements could be made to this approach due to its short nature (50 feet 
before intersecting a frontage road). This dictated that the left turn lane that was added on 
this approach could only be 50 feet in length. Signal timings were optimized, resulting in the 
delay on the North approach falling from 78 to 44 seconds. The changes implemented 
produced the operational and safety characteristics presented in Table J.16. 
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Table J.16: Douglas Avenue and 83rd Street characteristics following operational changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
83rd Street SOUTH 14.60 B 
C 
0.84 
0.60 Douglas Avenue EAST 28.80 C 0.36 83rd Street NORTH 44.20 D 0.80 
Douglas Avenue WEST 29.40 C 0.41 
Operational improvements mainly had an impact on the North approach, which was 
their intent. Delay on the approach fell from 78 seconds to 44 seconds. The result was an 
improvement in LOS from E to D. The remaining approaches saw their delay and LOS 
remain unchanged. 
Safety also improved as a result of the operational changes implemented. Crash rates 
dropped on all approaches except the West, where they rose slightly due to an increase in the 
expected number of through movement PDO crashes. On the East approach, expected PDO 
crashes decreased for the through movement, while on the North approach expected Possible 
and PDO crashes decreased for the left turning movement. Despite the degraded safety on 
the West approach, the safety was positively impacted by operational changes. 
The countermeasures employed at the site consisted of signalisation and geometric 
changes. Signalisation countermeasures included optimising the signal timings at a cost of 
$1,750. In addition, geometric changes included the addition of a 50 foot left turn lane to the 
North approach. The cost of this lane was estimated to be $96,573. The total costs 
associated with all of the simulated countermeasures would be $98,323. 
In terms crash savings, it was found that the simulated changes to the intersection 
would result in a total savings of $8,810 per year. These savings were primarily the result of 
the predicted decrease of crashes on the North and West approaches. A breakdown of the 
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experienced and predicted crashes and the savings or losses associated with them can be 
found in Appendix K. 
Delay remained unchanged on the East and South approaches, increased on the West 
approach and decreased on the North approach. The decrease on the North approach was 34 
seconds per vehicle, which outweighed the 1 second increase in delay incurred to vehicles on 
the West approach. The result was a savings of $14,765 per year. A breakdown of the 
experienced and predicted delays and their associated financial costs can be found in 
Appendix K. 
Despite the decrease in delay on the North approach, the simulation showed that only 
slightly less fuel would be used by vehicles. It was found that 1 fewer gallon of fuel per hour 
would be consumed if the selected countermeasures were employed. The value of this fuel 
would have been $1,055 per year. A breakdown of the experienced and predicted fuel usage 
and its associated financial costs can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $282,515. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $196,645. The benefit-cost ratio was subsequently computed 
as $282,515/$!96,645 = 1.44. This value, which is greater than 1.0, illustrates that the 
implementation of the selected countermeasures would be financially beneficial. 
Sergeant Road and Fletcher Avenue 
The intersection of Sergeant Road and Fletcher Avenue is in Waterloo. The 
intersection had a two phase timing plan in place during the study period. One phase was 
dedicated to Sergeant Road and the other to Fletcher Avenue. Both approaches of Sergeant 
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Road have channelized left turn lanes. Table J.17 presents the operational and safety 
characteristics of the intersection. 
Table J.17: Sergeant Road and Fletcher Avenue characteristics 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Fletcher Avenue SOUTH 57.20 E 
C 
0.98 
0.63 US 63 (Sergeant Road) EAST 7.60 A 0.55 
Fletcher Avenue NORTH 2410 C 0.71 
US 63 (Sergeant Road) WEST 6.40 A 0.28 
The problem with the operation of the intersection was that the shared left-through-
right lane group on the South approach was experiencing significant delay. Interestingly, by 
only optimizing the signal timings, this delay was decreased to 19 seconds, producing an 
LOS B. At the same time, the North approach also improved in terms of delay (down to 17 
seconds), moving to LOS B. A summary of the resulting operational and safety 
characteristics presented in Table J. 18. 
Table J. 18: Sergeant Road and Fletcher Avenue characteristics following operational 
changes 
Roadway Approach Delay (sec) LOS Int LOS 
Crash 
Rate 
Int 
Crash 
Rate 
Fletcher Avenue SOUTH 19.50 B 
B 
0.74 
0.53 US 63 (Sergeant Road) EAST 10.60 B 0.34 
Fletcher Avenue NORTH 17.60 B 0.68 
US 63 (Sergeant Road) WEST 910 A 0.36 
Operational changes resulted in both improvements and declines to the approaches. 
In terms of improvement, the South approach saw delay fall from 57 to 19 seconds, resulting 
in LOS rising from E to B. The North approach also produced a decline in delay of 7 
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seconds, improving LOS from C to B. The East and West approaches experienced slight 
increases in delay, with the LOS on the East approach falling from A to B. 
Safety benefited from the operational improvements instituted. The expected crashes 
fell for each approach, resulting in drops in crash rates. On the South approach, the expected 
number of Minor, Possible and PDO crashes all fell for through movements. The expected 
number of PDO crashes also fell for through movements on the East approach. Finally, the 
expected number of Possible crashes fell for North approach through movements and West 
approach left turning movements. Overall, safety was positively impacted by operational 
improvements. 
The countermeasures employed at the site consisted entirely of signalisation changes. 
This involved optimizing the signal timings at an estimated cost of $1,750. In terms crash 
savings, it was found that the simulated changes to the intersection would result in a total 
cost of $16,309 per year. This loss stemmed mainly from small increases in expected Major 
severity crashes on all approaches. Given that no such crashes were observed to occur on 
these approaches during the study period, but at least a fractional expected mean number of 
such crashes were predicted to occur under the simulated conditions, a loss resulted. A 
breakdown of the experienced and predicted crashes and the savings or losses associated with 
them can be found in Appendix K. 
Delay was found to increase on the North and South approaches and decrease on the 
East and West approaches. Increases in delay ranged between 2 and 3 seconds per vehicle 
while delay on the East and West approaches declined by 6 to 37 seconds per vehicle. The 
result was a savings of $15,620 per year. A breakdown of the experienced and predicted 
delays and their associated financial costs can be found in Appendix K. 
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The decrease in delay on the East and West approach resulted in less fuel being used 
by vehicles. Simulation showed that 3 fewer gallons of fuel per hour would be consumed if 
the selected countermeasures were employed. The value of this fuel would have been $3,166 
per year. A breakdown of the experienced and predicted fuel usage and its associated 
financial costs can be found in Appendix K. 
Over the 20 year life of the project, the total net present value of the benefits was 
computed to be $215,478. Over the 20 year life of the project, the total net present value of 
the costs was computed to be $188,822. The benefit-cost ratio was subsequently computed 
as $215,478/5188,822 = 1.14. This value, which is greater than 1.0, illustrates that the 
implementation of the selected countermeasures would be financially beneficial. 
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Appendix K: Expected Crashes, Severities, Savings and Losses: 
Operational Improvements 
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U.S. 151 and Maquoketa Dr. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.05 -0.02 -$2,520 
Left 
Maj 0 002 -0.01 -$1,130 
Min 0 0.11 -0.04 -$37] Min 0 008 -0.03 -$259 
Pos 0 0.18 -0.06 -$147 Pos 0 0.13 -0.04 -$106 
PDO 0 0.46 -0.15 -S386 PDO 0 038 -0.13 -$319 
Thru 
Maj 0 0.31 -0.10 -$15,310 
Thru 
Maj 0 0.15 -0.05 -$7,645 
Min 0 0.29 -0.10 -$952 Min 1 0.24 0.25 $2,532 
Pos 0 1.55 -0.52 -$1,293 Pos 1 1.23 -0.08 -$191 
PDO 4 1.93 069 $1,723 PDO 2 1.96 0.01 $31 
Right 
Maj 0 0.02 -0.01 $1,215 
Right 
Maj 0 0.01 0.00 -$610 
Min 0 0.05 -0.02 -$176 Min 0 0.04 -0.01 -$148 
Pos 0 0.13 -0.04 -$106 Pos 0 0.10 -0.03 -$83 
PDO 0 0.27 -0.09 -$223 PDO 0 0.28 -0.09 -$229 
Total 4 5.35 -$20,976 Total 4 4.63 -$8,157 
Crashes - East Approach Crashes - West Approach 
Before Predicted 
Difference 
per year 
Savings 
per year Before Predicted 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.00 0.00 -$40 
Left 
Maj 0 0.00 0.00 -$120 
Min 0 0.02 -0.01 -$74 Min 0 0 08 -0.03 -$270 
Pos 0 0.02 -0.01 -$15 Pos 0 0.06 -0.02 -$53 
PDO 0 0.09 -0.03 -$78 PDO 0 0.32 -0.11 -$266 
Thru 
Maj 0 0.00 0.00 -$215 
Thru 
Maj 0 0.01 0.00 -$635 
Min 0 0.03 -0.01 -$111 Min 0 0.12 -0.04 -$402 
Pos 1 0.08 0.31 $768 Pos 0 0.28 -0.09 -$233 
PDO 0 0.21 -0.07 -$174 PDO 1 0.71 0.10 $241 
Right 
Maj 0 0.00 0.00 -$15 
Right 
Maj 0 0.00 0.00 -$50 
Min 0 0.00 0.00 -$5 Min 0 0.01 0.00 -$21 
Pos 0 0.01 0.00 -$6 Pos 0 0.02 -0.01 -$21 
PDO 1 0.03 0.32 $805 PDO 0 0.12 -0.04 -$96 
Total 2 0.50 $840 Total 1 1.74 -$1,925 
Per Year 
-$30,219 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
Volume Hours of delay Savings/day Savings/year 
West 37 27 10 350 0.97 $13.08 $4,773 
East 15 18 -3 39 -0.03 -$0.44 -$160 
South 65 12 53 1001 14.74 $198.21 $72,347 
North 147 19 128 1090 38.76 $521.26 $190,261 
$267,221 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 5 5 0 2.89 $0.00 $0 
East 1 1 0 2.89 $0.00 $0 
South 33 18 15 2 89 $43.38 $15,834 
North 55 26 29 2 89 $83.87 $30,612 
$46,446 
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IA 1 and Sunset Dr. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Differenc 
e 
per year 
Savings 
per year 
Left 
Maj 0 0.00 0.00 -$195 
Left 
Maj 0 0.01 0.00 -$305 
Min 0 0.09 -0.03 $299 Min 0 0.11 -0.04 -$363 
Pos 0 0.04 -0.01 -$34 Pos 1 0.09 0.30 $759 
PDO 2 0.40 0.53 $1,334 PDO 1 0.41 0.20 $490 
Thru 
Maj 0 0.03 -0.01 -$1,675 
Thru 
Maj 0 0.03 -0.01 -$1,610 
Min 0 0.13 -0.04 -$436 Min 0 0.14 -0.05 -$463 
Pos 1 0.28 0.24 $596 Pos 0 0.37 -0.12 -$305 
PDO 5 0.94 1.35 $3,386 PDO 1 0.88 0.04 $99 
Right 
Maj 0 0.00 0.00 -$135 
Right 
Maj 0 0.00 0.00 -$120 
Min 0 0.01 0.00 -$25 Min 1 0.01 0.33 $3,301 
Pos 0 0.03 -0.01 -$21 Pos 0 0.03 -0.01 -$26 
PDO 0 0.15 -0.05 -$127 PDO 1 0.14 0.29 $718 
Total 8 2.11 $2,369 Total 5 2.22 $2,174 
Crashes - East Approach Crashes - West Ap •roach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Differenc 
e 
per year 
Savings 
per year 
Left 
Maj 0 0.03 -0.01 -$1,250 
Left 
Maj 0 0.03 -0.01 -$1,400 
Min 0 0.09 -0.03 -$309 Min 0 0.07 -0.02 -$237 
Pos 0 0.05 -0.02 -$44 Pos 0 0.03 -0.01 -$28 
PDO 0 0.32 -0.11 -$264 PDO 0 0.18 -0.06 -$153 
Thru 
Maj 1 0.27 0.24 $36,545 
Thru 
Maj 0 0.27 -0.09 -$13,310 
Min 1 0.30 0.23 $2,347 Min 2 0.24 0.59 $5,862 
Pos 1 0.57 0.14 $362 Pos 0 036 -0.12 -$298 
PDO 2 1.40 0.20 $497 PDO 3 0.87 0.71 $1,778 
Right 
Maj 0 0.02 -0.01 -$1,160 
Right 
Maj 0 0.03 -0.01 -$1,325 
Min 0 0.00 0.00 $16 Min 0 0.00 0.00 -$7 
Pos 0 0.06 -0.02 -$48 Pos 0 0.04 -0.01 -$34 
PDO 1 0.31 0.23 $579 PDO 0 0.24 -0.08 -$197 
Total 6 3.41 $37,239 Total 5 2.35 -$9,348 
Per Year 
$32,434 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
Volume Hours of delay Savings/day Savings/year 
West 40 47 -7 986 -1.92 -$25.79 -$9,412 
East 102 33 69 1502 28.79 $387.20 $141,329 
South 90 42 48 411 5.48 $73.71 $26,903 
North 16 21 -5 403 -0.56 -$7.53 -$2,748 
$156,072 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 60 43 17 2 89 $49.16 $17,945 
East 25 22 3 2 89 $8.68 $3,167 
South 10 6 4 2 89 $11.57 $4,222 
North 4 4 0 2 89 $0.00 $0 
$25,334 
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IA 141 and N.W. 54th St. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.10 -0.03 -$4,850 Maj 0 0.16 -0.05 -$8,060 
Left Min 0 0.22 -0.07 -$747 Left Min 0 0.21 -0.07 -MM 
Pos 0 0.09 -0.03 -$76 Pos 0 0.22 -0.07 -$185 
PDO 0 082 -0.27 -$684 PDO 2 0.74 0.42 $1,051 
Maj 1 097 0.01 $1,555 Maj 2 0.73 0.42 $63,475 
Thru Min 0 0.60 -0.20 -$2,007 Thru Min 2 046 0.51 $5,121 
Pos 1 2.24 -0.41 -$1,033 Pos 2 1.92 0.03 $67 
PDO 5 4.04 0.32 $798 PDO 1 285 1.38 $3,461 
Maj 0 006 -0.02 -$3,235 Maj 0 0.05 -0.02 -$2,484 
Right Min 1 0.03 0.32 $3,222 Right Min 0 0.09 -0.03 -$292 Pos 0 0.17 -0.06 -$143 Pos 0 0.14 -0.05 -$114 
PDO 0 065 -0.22 -$543 PDO 0 039 -0.13 -$325 
Total 8 10.01 -$7,742 Total 15 7.96 $61,021 
Crashes - East Approach Crashes - West Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.00 0.00 -$215 Maj 0 0.01 0.00 -$370 
Left Min 0 0.14 -0.05 -$477 Left Min 0 0.10 -0.03 -$331 Pos 1 0.06 0.31 $781 Pos 0 0.08 -0.03 -$65 
PDO 1 0.51 0.16 $407 PDO 0 0.22 -0.07 -$182 
Maj 0 0.04 -0.01 -$2,105 Maj 0 0.04 -0.01 -$2,190 
Thru Min 0 0.17 -0.06 -$580 Thru Min 0 0.12 -0.04 -$390 Pos 0 0.49 -0.16 -$412 Pos 0 0.35 -0.12 -$291 
PDO 2 1.21 026 $662 PDO 1 0.47 0.18 $446 
Maj 0 0.00 0.00 -$130 Maj 0 0.00 0.00 -$135 
Right Min 1 0.01 0.33 $3,308 Right Min 0 0.00 0.00 -$16 
Pos 1 0.04 0.32 $802 Pos 0 0.03 -0.01 -$22 
PDO 0 0.21 -0.07 -$172 PDO 0 008 -0.03 -$67 
Total 6 2.89 $1,868 Total 1 1.49 -$3,614 
Per Year 
$51,533 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
Volume 
Hours 
of delay Savings/day Savings/year 
West 45 14 31 196 1.69 $22.70 $8,286 
East 672 39 633 406 71.39 $960.17 $350,463 
South 59 31 28 1627 12.65 $170.20 $62,124 
North 26 20 6 859 1.43 $19.26 $7,028 
$427,901 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 10 8 2 2 89 $5.78 $2,111 
East 60 8 52 2.89 $150.38 $54,890 
South 74 64 10 2.89 $28.92 $10,556 
North 23 22 1 2.89 $2.89 $1,056 
$68,613 
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University Ave. and Ansborough 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.01 0.00 -$255 Maj 0 0.00 0.00 -$235 
Left 
Min 0 0.09 -0.03 -$308 Left Min 0 0.12 -0.04 -$411 
Pos 0 0.06 -0.02 -$47 Pos 0 0.08 -0.03 -$65 
PDO 3 0.52 0.83 $2,067 PDO 0 0.70 -0.23 -$586 
Maj 0 0.11 -0.04 -$5,310 Maj 0 0.03 -0.01 -$1,400 
Thru Min 0 0.33 -0.11 -$1,107 Thru Min 0 0.16 -0.05 -$520 
Pos 0 1.05 -0.35 -$871 Pos 0 0.44 -0.15 -$363 
PDO 3 281 0.06 $160 PDO 0 1.62 -0.54 -$1,352 
Maj 0 0.01 0.00 -$470 Maj 0 0.00 0.00 -$115 
Right Min 0 0.06 -0.02 -$200 Right Min 0 0.03 -0.01 -$95 
Pos 0 0.09 -0.03 -$74 Pos 0 0.04 -0.01 -$31 
PDO 0 0.39 -0.13 -$325 PDO 1 0.23 0.26 $644 
Total 6 5.51 -$6,741 Total 1 3.45 -$4,528 
Crashes - East Approach Crashes - West Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 1 0.04 0.32 $48,130 Maj 0 0.05 -0.02 -$2,625 
Left Min 1 0.17 028 $2,761 Left Min 0 0.32 -0.11 $1,058 
Pos 1 0.12 029 $734 Pos 0 0.34 -0.11 -$283 
PDO 2 0.97 0.34 $860 PDO 1 0.93 0.02 $55 
Maj 0 0.10 -0.03 -$4,860 Maj 0 0.11 -0.04 -$5,475 
Thru 
Min 0 0.17 -0.06 -$559 Thru Min 2 0.31 0.56 $5,624 
Pos 0 0.55 -0.18 -$460 Pos 2 1.00 0.33 $836 
PDO 1 1.81 -0.27 -$678 PDO 4 0.16 1.28 $3,199 
Maj 0 0.01 0.00 -$440 Maj 0 0.01 0.00 -$465 
Right Min 0 0.03 -0.01 -$100 Right Min 0 0.06 -0.02 -$189 
Pos 0 0.05 -0.02 -$38 Pos 0 0.08 -0.03 -$69 
PDO 0 0.25 -0.08 -$211 PDO 0 0 23 -0.08 -$188 
Total 6 4.26 $45,138 Total 9 3.60 -$637 
Per Year 
$33,233 
Delay savings: 
Delay (sec/veh) Entering Hours 
Approach Before After Change Volume of delay Savings/day Savings/year 
West 10 19 -9 807 -2.02 -$27.14 -$9,904 
East 12 20 -8 498 -1.11 -$14.88 -$5,433 
South 131 21 110 799 24.41 $328.37 $119,854 
North 15 25 -10 485 -1.35 -$18.12 -$6,614 
$97,903 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 13 16 -3 289 -$8.68 -$3,167 
East 9 11 -2 289 -$5.78 -$2,111 
South 30 11 19 289 $54.95 $20,056 
North 7 8 -1 289 -$2.89 -$1,056 
$13,723 
259 
U.S. 69 and Broadway 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.02 -0.01 $980 Maj 0 0.02 -0.01 -$1,215 
Left Min 0 0.16 -0.05 -$518 Left Min 0 0.13 -0.04 -$438 
Pos 0 0.12 -0.04 -$101 Pos 0 0.17 -0.06 -$145 
PDO 0 0.65 -0.22 -$542 PDO 0 0.57 -0.19 -$478 
Maj 0 0.34 -0.11 -SI 6,890 Maj 0 039 -0.13 -$19,405 
Thru Min 0 0.62 -0.21 -$2,061 Thru Min 1 0.47 0.18 $1,758 
Pos 1 1.52 -0.17 -S434 Pos 1 203 -0.34 -$861 
PDO 6 3.00 1.00 $2,497 PDO 1 256 -0.52 -$1,298 
Maj 0 0.03 -0.01 -$1,500 Maj 0 0.03 -0.01 -$1,625 
Right Min 0 0.11 -0.04 -S377 Right Min 0 0.09 -0.03 -$287 
Pos 0 0.13 -0.04 -$108 Pos 0 0.17 -0.06 -$144 
PDO 0 0.42 -0.14 -$347 PDO 0 0.36 -0.12 -$298 
Total 7 7.12 -$21,360 Total 3 7.00 -$24,434 
Crashes - East Approach Crashes - West Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.00 0.00 -$45 Maj 0 0.00 0.00 -$100 
Left Min 0 0.03 -0.01 -$102 Left Min 0 0.04 -0.01 -$131 
Pos 0 0.02 -0.01 -$14 Pos 0 0.02 -0.01 -$16 
PDO 0 023 -0.08 -$189 PDO 0 0.20 -0.07 -$163 
Maj 0 0.02 -0.01 -$1,225 Maj 0 0.06 -0.02 -$3,055 
Thru Min 0 0.14 -0.05 -$466 Thru Min 1 0.20 0.27 $2,675 
Pos 1 0.35 0.22 $543 Pos 2 0.41 0.53 $1,329 
PDO 0 1.18 -0.39 -$984 PDO 2 1.01 0.33 $826 
Maj 0 0.00 0.00 -$100 Maj 0 0.01 0.00 -$265 
Right Min 1 0.03 0.32 $3,247 Right Min 0 0.04 -0.01 -$118 
Pos 0 0.03 -0.01 -$25 Pos 0 0.03 -0.01 $29 
PDO 0 0.16 -0.05 -$136 PDO 1 0.14 0.29 $714 
Total 2 2.19 $503 Total 6 2.15 $1,667 
Per Year 
-$43,624 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
Volume 
Hours 
of delay Savings/day Savings/year 
West 43 36 7 334 0.65 $8.74 $3,188 
East 34 27 7 503 0.98 $13.15 $4,802 
South 51 31 20 1018 5.66 $76.07 $27,765 
North 66 25 41 1279 14.57 $195.92 $71,510 
$107,264 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 15 14 1 2.89 $2.89 $1,056 
East 21 20 1 2.89 $2.89 $1,056 
South 48 43 5 2.89 $14.46 $5,278 
North 64 52 12 2.89 $34.70 $12,667 
$20,056 
260 
IA 415 and Oralabor Rd. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.01 0.00 -$695 Maj 0 0.01 0.00 -$450 
Left Min 0 0.02 -0.01 -$70 Left Min 0 0.04 -0.01 -$123 
Pos 0 0.04 -0.01 -S29 Pos 0 0.05 -0.02 -$45 
PDO 0 0.15 -0.05 -$127 PDO 0 0.13 -0.04 -$110 
Maj 0 0.08 -0.03 -$3,955 Maj 0 0.04 -0.01 -$2,075 
Thru Min 0 0.06 -0.02 -$202 Thru Min 1 0.09 0.30 $3,040 
Pos 2 0.30 0.57 $1,414 Pos 0 0.40 -0.13 -$336 
PDO 1 0.73 0.09 $227 PDO 1 0.61 0.13 $323 
Maj 0 0.01 0.00 -$460 Maj 0 0.00 0.00 -$170 
Right Min 0 0.00 0.00 -$1 Right Min 0 0.02 -0.01 -$54 
Pos 0 0.04 -0.01 -$36 Pos 0 0.03 -0.01 -$28 
PDO 1 0.30 0.23 $586 PDO 0 0.09 -0.03 -$72 
Total 4 1.74 -$3,348 Total 2 1.52 -$101 
Crashes - East Approach Crashes - West Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.00 0.00 $80 Maj 0 0.01 0.00 -$435 
Left Min 0 0.04 -0.01 -$120 Left Min 1 0.04 0.32 $3,196 
Pos 0 0.06 -0.02 -$49 Pos 0 0.04 -0.01 -$30 
PDO 1 0.20 0.27 $668 PDO 0 0.20 -0.07 -$167 
Maj 2 0.07 0.64 $96,400 Maj 0 0.08 -0.03 -$3,965 
Thru Min 0 0.09 -0.03 -$286 Thru Min 1 0.13 0.29 $2,904 
Pos 3 0.43 0.86 $2,141 Pos 1 0.35 0.22 $538 
PDO 6 0 93 1.69 $4,229 PDO 0 0.92 -0.31 -$767 
Maj 0 0.01 0.00 $300 Maj 0 0.01 0.00 -$490 
Right Min 0 0.02 -0.01 -$53 Right Min 0 0.00 0.00 -$2 
Pos 0 0.04 -0.01 -$31 Pos 0 0.05 -0.02 -$45 
PDO 2 0.13 0.62 $1,559 PDO 0 0.40 -0.13 -$330 
Total 14 2.00 $104,078 Total 3 2.23 $408 
Per Year 
$101,036 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After 
Entering 
Change Volume 
Hours 
of delay Savings/day Savings/year 
West 43 28 15 938 3.91 $52.57 S19,187 
East 49 27 22 640 3.91 $52.60 $19,201 
South 32 16 16 498 2.21 $29.77 $10,866 
North 77 24 53 894 13.16 $177.02 $64,614 
$113,867 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 46 43 3 2.89 $8.68 $3,167 
East 30 26 4 2.89 $11.57 $4,222 
South 17 15 2 2.89 $5.78 $2,111 
North 37 28 9 2.89 $26.03 $9,500 
$19,000 
261 
Delaware Ave. and Oralabor Rd. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.05 -0.02 -$2,415 Maj 0 0.02 -0.01 -$835 
Left Min 0 0.06 -0.02 -$200 Left Min 0 028 -0.09 -$936 
Pos 1 0.05 0.32 $795 Pos 1 0.15 0.28 $710 
PDO 0 0.34 -0.11 -$286 PDO 2 1.25 0.25 $624 
Maj 0 0.11 -0.04 -$5,555 Maj 0 0.31 -0.10 -$15,310 
Thru Min 0 0.15 -0.05 -$502 Thru Min 1 093 0.02 $220 
Pos 0 0.45 -0.15 -$377 Pos 1 2.66 -0.55 -$1,385 
PDO 6 1.79 1.40 $3,505 PDO 0 5.60 -1.87 -$4,669 
Maj 0 0.01 0.00 -$510 Maj 0 0.03 -0.01 -$1,390 
Right Min 0 0.03 -0.01 -$92 Right Min 0 0.17 -0.06 -$567 
Pos 0 0.04 -0.01 -$33 Pos 0 023 -0.08 -$190 
PDO 0 0.25 -0.08 -$207 PDO 1 0.78 0.07 $180 
Total 7 3.33 -$5,879 Total 6 12.41 -$23,547 
Crashes - East Approach Crashes - West Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.04 -0.01 -$1,865 Maj 0 0.03 -0.01 -$1,615 
Left Min 0 0.20 -0.07 -$674 Left Min 0 0.20 -0.07 -$663 
Pos 0 0.14 -0.05 -$120 Pos 0 0.13 -0.04 -$108 
PDO 0 1.21 -0.40 -$1,009 PDO 0 0.82 -0.27 -$679 
Maj 0 0.36 -0.12 -$17,805 Maj 0 0.25 -0.08 -$12,665 
Thru Min 1 0.62 0.13 $1,251 Thru Min 0 0.48 -0.16 -$1,611 
Pos 1 2.13 -0.38 -$942 Pos 1 1.64 -0.21 -$537 
PDO 3 6.12 -1.04 -$2,603 PDO 2 3 89 -0.63 -$1,577 
Maj 0 0.04 -0.01 -$1,835 Maj 0 002 -0.01 -$1,095 
Right Min 0 0.00 0.00 -$15 Right Min 0 0.09 -0.03 -$294 
Pos 2 0.25 058 $1,458 Pos 0 0.14 -0.05 -$116 
PDO 1 1.87 -0.29 -$724 PDO 0 0.54 -0.18 -$454 
Total 8 12.99 -$24,883 Total 3 8.24 -$21,415 
Per Year 
-$75,724 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
Volume 
Hours 
of delay Savings/day Savings/year 
West 72 34 38 759 8.01 $107.76 $39,331 
East 27 34 -7 1407 -2.74 -$36.80 -$13,431 
South 47 32 15 471 1.96 $26.40 $9,634 
North 41 31 10 689 1.91 $25.74 $9,396 
$44,931 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 22 19 3 2.89 $8.68 $3,167 
East 25 31 -6 2.89 -$17.35 -$6,333 
South 10 10 0 2.89 $0.00 $0 
North 13 12 1 2.89 $2.89 $1,056 
-$2,111 
262 
Oralabor Rd. and Irvinedale Dr. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.00 0.00 -$130 
Left 
Maj 0 0.02 -0.01 -$930 
Min 0 0.05 -0.02 -S168 Min 0 0.07 -0.02 -$237 
Pos 1 0.03 0.32 $806 Pos 0 0.04 -0.01 -$32 
PDO 0 0.10 -0.03 -$81 PDO 0 0.21 -0.07 -$179 
Thru 
Maj 0 0.03 -0.01 -$1,395 
Thru 
Maj 0 0.05 -0.02 -$2,365 
Min 0 0.19 -0.06 -$648 Min 0 0.10 -0.03 -$342 
Pos 0 0.31 -0.10 -$260 Pos 0 0.15 -0.05 -$128 
PDO 0 0.57 -0.19 -$472 PDO 2 1.07 0.31 $772 
Right 
Maj 0 0.00 0.00 -$135 
Right 
Maj 0 0.01 0.00 -$295 
Min 0 0.01 0.00 -$42 Min 0 0.00 0.00 -$2 
Pos 0 0.03 -0.01 -$24 Pos 0 0.02 -0.01 -$18 
PDO 0 0.09 -0.03 -$75 PDO 2 0.43 0.52 $1,312 
Total 1 1.42 -$2,623 Total 4 2.17 -$2,443 
Crashes - East Approach Crashes - West Ap] aroach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.04 -0.01 -$1,865 
Left 
Maj 0 0.05 -0.02 -$2,430 
Min 0 0.09 -0.03 -$301 Min 1 0.19 0.27 $2,708 
Pos 0 0.15 -0.05 -$126 Pos 1 0.23 0.26 $639 
PDO 1 0.65 0.12 $295 PDO 0 0 58 -0.19 -$484 
Thru 
Maj 0 0.07 -0.02 -$3,730 
Thru 
Maj 0 0.09 -0.03 -$4,455 
Min 1 0.10 0.30 $3,011 Min 0 0.14 -0.05 -$476 
Pos 0 0.48 -0.16 -$404 Pos 1 0.59 0.14 $341 
PDO 0 1.09 -0.36 -$908 PDO 2 0.90 0.37 $914 
Right 
Maj 0 0.04 -0.01 -$1,755 
Right 
Maj 0 0.01 0.00 -$365 
Min 0 0.00 0.00 $0 Min 0 0.03 -0.01 -$88 
Pos 0 0.15 -0.05 -$128 Pos 0 0.05 -0.02 -$40 
PDO 0 1.51 -0.50 -$1,255 PDO 0 0.13 -0.04 -$107 
Total 2 4.36 -$7,166 Total 5 2.99 -$3,842 
Per Year 
-$16,073 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
Volume 
Hours 
of delay Savings/day Savings/year 
West 32 34 -2 664 -0.37 -$4.96 -$1,811 
East 39 28 11 731 2.23 $30.04 $10,965 
South 63 25 38 225 2.38 $31.94 $11,659 
North 18 16 2 270 0.15 $2.02 $736 
$21,550 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 31 32 -1 2 89 -$2.89 -$1,056 
East 21 19 2 2 89 $5.78 $2,111 
South 6 4 2 2.89 $5.78 $2,111 
North 5 5 0 2 89 $0.00 $0 
$3,167 
263 
Ansborough and Sergeant Rd. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.07 -0.02 -$3,290 
Left 
Maj 0 0.04 -0.01 -$2,090 
Min 0 0.48 -0.16 -$1,588 Min 0 0.38 -0.13 -$1,264 
Pos 0 0.37 -0.12 -$308 Pos 0 032 -0.11 -$268 
PDO 1 2.44 -0.48 $1,201 PDO 2 1.70 0.10 $249 
Thru 
Maj 0 0.33 -0.11 -$16,515 
Thru 
Maj 0 0.22 -0.07 -$10,920 
Min 1 0.70 0.10 $996 Min 0 0.56 -0.19 -$1,868 
Pos 1 1.61 -0.20 -$509 Pos 1 1.44 -0.15 -$363 
PDO 3 5.39 -0.80 -$1,989 PDO 3 3.76 -0.25 -$631 
Right 
Maj 0 0.03 -0.01 -$1,420 
Right 
Maj 0 0.02 -0.01 -$910 
Min 0 0.02 -0.01 $59 Min 0 0.01 0.00 $29 
Pos 0 0.15 -0.05 -$129 Pos 0 0.14 -0.05 -$118 
PDO 0 1.05 -0.35 -$875 PDO 0 0.82 -0.27 -$687 
Total 6 12.63 -$26,887 Total 6 9.41 -$18,900 
Crashes - East Approach Crashes - West Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.02 -0.01 -$1,135 
Left 
Maj 0 0.03 -0.01 -$1,265 
Min 0 0.05 -0.02 -$157 Min 0 0.09 -0.03 -$290 
Pos 0 0.05 -0.02 -$39 Pos 0 0.06 -0.02 $46 
PDO 0 0.23 -0.08 -$196 PDO 0 0.35 -0.12 $290 
Thru 
Maj 0 0.10 -0.03 -$4,955 
Thru 
Maj 0 0.12 -0.04 -$5,820 
Min 0 0.12 -0.04 -$402 Min 0 023 -0.08 -$779 
Pos 0 0.37 -0.12 -$309 Pos 2 0.46 0.51 $1,280 
PDO 2 0.97 0.34 $856 PDO 1 1.46 -0.15 -$383 
Maj 0 0.01 0.00 -$435 
Right 
Maj 0 0.01 0.00 -$510 
Min 0 0.02 -0.01 -$74 Min 0 0.04 -0.01 -$144 
Pos 0 0.03 -0.01 $26 Pos 0 0.04 -0.01 -$33 
PDO 0 0.13 -0.04 $112 PDO 0 0.20 -0.07 -$168 
Total 2 2.11 -$6,982 Total 3 3.08 -$8,449 
Per Year 
-$61,217 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
Volume 
Hours 
of delay Savings/day Savings/year 
West 30 21 9 377 0.94 $12.68 $4,627 
East 73 23 50 388 5.39 $72.48 $26,455 
South 27 15 12 754 2.51 $33.80 $12,339 
North 20 16 4 862 0.96 $12,88 $4,702 
$48,123 
?uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 16 14 2 289 $5.78 $2,111 
East 22 14 8 2.89 $23.14 $8,445 
South 7 6 1 2.89 $2.89 $1,056 
North 8 7 1 2.89 $2.89 $1,056 
$12,667 
264 
U.S. 20 and Crescent Ridge 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.01 0.00 -$355 
Left 
Maj 0 0.00 0.00 -$180 
Min 0 0.23 -0.08 -$771 Min 0 0.11 -0.04 -S354 
Pos 0 0.13 -0.04 -$106 Pos 0 0.10 -0.03 -$83 
PDO 1 1.00 0.00 -S3 PDO 1 0.42 0.19 $484 
Thru 
Maj 0 0.04 -0.01 -$1,925 
Thru 
Maj 0 0.01 0.00 -$740 
Min 0 0.29 -0.10 -$975 Min 0 0.12 -0.04 -$415 
Pos 0 066 -0.22 -$548 Pos 0 0.34 -0.11 -$286 
PDO 2 2.33 -0.11 -$274 PDO 2 0.90 0.37 $918 
Right 
Maj 0 0.00 0.00 -$155 
Right 
Maj 0 0.00 0.00 -$55 
Min 0 0.01 0.00 -$44 Min 0 0.01 0.00 -$22 
Pos 0 0.06 -0.02 -$49 Pos 0 0.03 -0.01 -$24 
PDO 1 0.40 0.20 $501 PDO 0 0.15 -0.05 -$124 
Total 4 5.16 -$4,704 Total 3 2.19 -$880 
Crashes - East Approach Crashes - West Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Left 
Maj 0 0.08 -0.03 -$3,800 
Left 
Maj 0 0.05 -0.02 -$2,410 
Min 0 0.16 -0.05 -$525 Min 0 0.13 -0.04 -$435 
Pos 1 0.15 0.28 $707 Pos 0 0.15 -0.05 -$126 
PDO 0 0.74 -0.25 -$616 PDO 0 062 -0.21 -$517 
Thru 
Maj 0 0.26 -0.09 -$13,185 
Thru 
Maj 1 0.19 0.27 $40,530 
Min 0 0.34 -0.11 -$1,117 Min 1 0.31 023 $2,311 
Pos 1 1.11 -0.04 -$88 Pos 5 1.16 128 $3,197 
PDO 5 2.85 0.72 $1,795 PDO 2 2.41 -0.14 -$341 
Right 
Maj 0 0.02 -0.01 -$1,030 
Right 
Maj 0 0.02 -0.01 -$805 
Min 0 0.01 0.00 -$34 Min 0 0.06 -0.02 -$192 
Pos 0 0.10 -0.03 -$86 Pos 0 0.10 -0.03 -$81 
PDO 1 0.54 0.15 $384 PDO 1 0.34 022 $547 
Total 8 6.35 -$17,595 Total 10 5.53 $41,678 
Per Year 
$18,499 
Delay savings: 
Delay (sec/veh) Entering Hours 
Approach Before After Change Volume of delay Savings/day Savings/year 
West 44 29 15 997 4.15 $55.87 $20,394 
East 26 25 1 1331 0.37 $4.97 $1,815 
South 33 13 20 395 2.19 $29.52 $10,773 
North 57 17 40 301 3.34 $44.98 $16,419 
$49,401 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 27 30 -3 2 89 -$8.68 -$3,167 
East 35 41 -6 2.89 -$17.35 -$6,333 
South 8 6 2 2 89 $5.78 $2,111 
North 5 3 2 2 89 S5.78 $2,111 
-$5,278 
265 
Kimball Ave. and San Marnan Dr. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.00 0.00 -$40 Maj 0 0.00 0.00 -$125 
Left Min 0 0.01 0.00 -$31 Left Min 0 0.04 -0.01 -$118 
Pos 0 0.01 0.00 -$5 Pos 0 0.03 -0.01 -$21 
PDO 0 0.05 -0.02 -$43 PDO 1 0.20 0.27 $663 
Maj 0 0.01 0.00 -$570 Maj 0 0.04 -0.01 -$1,775 
Thru Min 0 0.04 -0.01 -$120 Thru Min 0 0.13 -0.04 -$421 
Pos 0 0.10 -0.03 -$84 Pos 0 039 -0.13 -$324 
PDO 0 0.33 -0.11 -$273 PDO 6 1.28 1.57 $3,936 
Maj 0 0.00 0.00 -$55 Maj 0 0.00 0.00 -$165 
Right Min 0 0.01 0.00 -$22 Right Min 0 0.02 -0.01 -$76 
Pos 0 0.01 0.00 -$7 Pos 0 0.03 -0.01 -$28 
PDO 0 0.05 -0.02 -$39 PDO 1 0 18 0.27 $680 
Total 0 0.61 -$1,289 Total 8 2.34 $2,227 
Crashes - East Approach Crashes - West Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.03 -0.01 -$1,350 Maj 0 0.01 0.00 -$575 
Left Min 0 0.13 -0.04 -$437 Left Min 0 0.07 -0.02 -$241 
Pos 1 0.09 0.30 $759 Pos 0 0.05 -0.02 -$44 
PDO 2 0.64 0.45 $1,129 PDO 3 0.34 089 $2,220 
Maj 0 0.07 -0.02 -$3,250 Maj 1 0.03 0.32 $48,685 
Thru 
Min 0 0.11 -0.04 -$382 
Thru Min 0 0.07 -0.02 -$230 
Pos 0 0.37 -0.12 -$307 Pos 1 0.21 0.26 $657 
PDO 3 1.23 0.59 $1,479 PDO 2 0.64 0.45 $1,134 
Maj 0 0.01 0.00 -$445 Maj 0 0.00 0.00 -$120 
Right Min 0 0.00 0.00 
-$1 
Right Min 0 0.01 0.00 -$42 
Pos 0 0.05 -0.02 -$44 Pos 0 0.02 -0.01 -$15 
PDO 0 0.53 -0.18 -$440 PDO 0 0.09 -0.03 -$77 
Total 6 3.26 -$3,290 Total 7 1.54 $51,352 
Per Year 
$49,000 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
Volume 
Hours 
of delay Savings/day Savings/year 
West 26 31 -5 615 -0.85 -$11.49 -$4,193 
East 19 22 -3 803 -0.67 -$9.00 -$3,285 
South 24 27 -3 314 -0.26 -$3.52 -$1,285 
North 97 49 48 735 9.80 $131.81 $48,111 
$39,348 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 13 14 -1 2 89 -$2.89 -$1,056 
East 14 14 0 2.89 $0.00 $0 
South 5 5 0 2 89 $0.00 $0 
North 22 15 7 2.89 $20.24 $7,389 
$6,333 
266 
Douglas Ave. and 83rd St. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.00 0.00 -$20 Maj 0 0.00 0.00 -$25 
Left Min 0 0.01 0.00 -$48 Left Min 0 0.01 0.00 -S48 
Pos 0 0.01 0.00 -$6 Pos 1 0.01 0.33 $822 
PDO 0 0.01 0.00 -$6 PDO 1 0.07 0.31 $776 
Maj 0 0.00 0.00 -$200 Maj 0 0.00 0.00 -$135 
Thru Min 0 0.02 -0.01 -$80 Thru Min 0 0.02 -0.01 -$65 
Pos 0 0.05 -0.02 -$46 Pos 0 0.06 -0.02 -$48 
PDO 1 0.17 0.28 $691 PDO 0 0.15 -0.05 -$125 
Maj 0 035 -0.12 -$17,585 Maj 0 0.00 0.00 -$10 
Right Min 0 0.00 0.00 -$2 Right Min 0 0.00 0.00 -S12 
Pos 0 0.01 0.00 -$4 Pos 0 0.00 0.00 -$4 
PDO 0 0.03 -0.01 -$27 PDO 0 0.02 -0.01 -$17 
Total 1 0.67 -$17,331 Total 2 0.36 $1,108 
Crashes - East Approach Crashes - West Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 003 -0.01 -$1,515 Maj 0 0.04 -0.01 -$1,795 
Left Min 0 0.10 -0.03 -$318 Left Min 0 0.13 -0.04 -$435 
Pos 0 008 -0.03 -$64 Pos 0 0.05 -0.02 -$44 
PDO 0 0.41 -0.14 -$343 PDO 0 0.47 -0.16 -$391 
Maj 0 0.15 -0.05 -$7,710 Maj 1 0.20 0.27 $40,190 
Thru Min 0 0.28 -0.09 -$925 Thru Min 0 0.30 -0.10 -$1,004 
Pos 0 0.64 -0.21 -S530 Pos 1 0.71 0.10 $245 
PDO 5 1.85 1.05 $2,621 PDO 1 2.06 -0.35 -$882 
Maj 0 0.01 0.00 -$680 Maj 0 0.02 -0.01 -$845 
Right Min 0 0.01 0.00 -$42 Right Min 0 0.01 0.00 -M0 
Pos 0 0.06 -0.02 -$51 Pos 0 0.07 -0.02 -$58 
PDO 0 0.03 -0.01 -$26 PDO 0 0.41 -0.14 -$345 
Total 5 3.65 -$9,583 Total 3 4.46 $34,617 
Per Year 
$8,811 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
Volume 
Hours 
of delay Savings/day Savings/year 
West 29 30 -1 1209 -0.34 -$4.52 -1,649 
East 27 27 0 1061 0.00 $0.00 0 
South 14 14 0 284 0.00 $0.00 0 
North 79 45 34 354 3.34 $44.97 16,413 
14,765 
7uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 36 36 0 2.89 $000 0 
East 32 32 0 2.89 $0.00 0 
South 2 2 0 2 89 $0.00 0 
North 7 6 1 2 89 $2.89 1,056 
1,056 
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Sergeant Ave. and Fletcher St. 
Crash savings: 
Crashes - South Approach Crashes - North Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.01 0.00 -$440 Maj 0 0.01 0.00 -$400 
Left Min 0 0.15 -0.05 -$495 Left Min 0 0.12 -0.04 -$393 
Pos 0 0.08 -0.03 -$63 Pos 0 0.12 -0.04 -$97 
PDO 1 0.67 0.11 $274 PDO 1 0.51 0.16 $407 
Maj 0 008 -0.03 -$3,795 Maj 0 0.04 -0.01 -$2,130 
Thru 
Min 1 0.25 0.25 $2,511 
Thru Min 0 0.17 -0.06 -$574 
Pos 1 0.59 0.14 $343 Pos 2 0.52 0.49 $1,233 
PDO 2 1.65 0.12 $290 PDO 0 1.14 -0.38 -$948 
Maj 0 0.01 0.00 -5355 Maj 0 0.00 0.00 -$185 
Right Min 0 0.04 -0.01 -$149 Right Min 0 0.03 -0.01 -$105 
Pos 0 0.05 -0.02 -$42 Pos 0 0.04 -0.01 -$36 
PDO 0 0.23 -0.08 -$190 PDO 0 0.16 -0.05 -$131 
Total 5 3.80 -$2,111 Total 3 286 -53,358 
Crashes - East Approach Crashes - West Approach 
Severity Before Predicted 
Difference 
per year 
Savings 
per year Severity Before Predicted 
Difference 
per year 
Savings 
per year 
Maj 0 0.02 -0.01 -$895 Maj 0 0.01 0.00 -$745 
Left Min 0 0.07 -0.02 -$231 Left Min 0 0.09 -0.03 -$303 
Pos 0 0.06 -0.02 -$48 Pos 1 0.03 0.32 $809 
PDO 0 0 20 -0.07 -$167 PDO 0 0.19 -0.06 -$156 
Maj 0 0.07 -0.02 -$3,615 Maj 0 0.09 -0.03 -$4,520 
Thru Min 0 0.08 -0.03 -$253 Thru Min 0 0.10 -0.03 -$346 
Pos 0 0.21 -0.07 -$176 Pos 0 0.22 -0.07 -$182 
PDO 2 0.43 0.52 $1,312 PDO 0 0.46 -0.15 -$384 
Maj 0 0.01 0.00 -$305 Maj 0 0.01 0.00 -$395 
Right Min 0 0.01 0.00 -$46 Right Min 0 002 -0.01 -$63 
Pos 0 0.02 -0.01 -$15 Pos 0 0.02 -0.01 -$15 
PDO 0 0.06 -0.02 -$49 PDO 0 0.06 -0.02 -$53 
Total 2 1.22 -$4,486 Total 1 1.31 -$6,354 
Per Year 
-$16,310 
Delay savings: 
Approach 
Delay (sec/veh) 
Before After Change 
Entering 
Volume 
Hours 
of delay Savings/day Savings/year 
West 57 20 37 314 3.23 $43.41 515,843 
East 24 18 6 303 0.51 $6.79 $2,479 
South 6 9 -3 402 -0.34 -$4.51 -$1,645 
North 8 10 -2 388 -0.22 -$2.90 -$1,058 
515,620 
'uel savings: 
Fuel Consumed 
(gal/hr) 
Approach Before After Change/hr Cost/gal Savings/hr Savings/year 
West 12 9 3 2.89 $8.68 $3,167 
East 9 8 1 289 $2.89 $1,056 
South 6 7 -1 2.89 -$2.89 -$1,056 
North 8 8 0 2.89 $0.00 $0 
$3,167 
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